Alterations in basal lamina stiffness and focal adhesion turnover affect epithelial dynamics during corneal wound healing by Onochie, Obianamma
Boston University
OpenBU http://open.bu.edu
Theses & Dissertations Boston University Theses & Dissertations
2018
Alterations in basal lamina stiffness
and focal adhesion turnover affect
epithelial dynamics during corneal
wound healing
https://hdl.handle.net/2144/29992
Boston University
BOSTON UNIVERSITY 
 
SCHOOL OF MEDICINE 
 
 
 
 
 
Dissertation 
 
 
 
 
 
ALTERATIONS IN BASAL LAMINA STIFFNESS AND 
 
FOCAL ADHESION TURNOVER AFFECT EPITHELIAL DYNAMICS 
 
DURING CORNEAL WOUND HEALING 
 
 
 
by 
 
 
 
OBIANAMMA EZIAMAKA ONOCHIE 
 
B.A., The University of Chicago, 2006 
M.A., Boston University, 2008 
 
 
 
 
 
 
 
Submitted in partial fulfillment of the 
 
requirements for the degree of 
 
Doctor of Philosophy 
 
2018 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
© 2018 
 Obianamma Eziamaka Onochie 
 All rights reserved  
Approved by 
 
 
 
 
 
First Reader ___________________________________________________ 
 Vickery Trinkaus-Randall, Ph.D. 
 Professor of Biochemistry and Ophthalmology 
 
 
Second Reader ___________________________________________________ 
 Karen Symes, Ph.D. 
 Associate Professor of Biochemistry 
 
 
  
 
  
 iv 
 
DEDICATION 
 
 
 
I would like to dedicate this work to my parents, Joseph and Vickie Onochie, and 
to my siblings, Odili, Ify, Agua, and Diba Onochie. 
 
  
 v 
 
ACKNOWLEDGMENTS 
 
 
First and foremost, I would like to thank my family. My parents and siblings 
have provided unconditional love and support throughout my graduate career. 
My parents have always inspired me to do the best that I can, to work hard, 
persevere, and remain true to myself. My siblings are my greatest champions, 
the faith they have put in me and the support they have provided through the 
years have gotten me through all the ups and downs of graduate life. I hope that 
with the completion of this degree, I have taught them that nothing is impossible. 
As long as you work hard and believe in yourself, you can accomplish great 
things. 
I would like to thank my PI, Dr. Vickery Trinkaus-Randall. She took a 
chance on me years ago by accepting me into her lab. I had no experience in 
bench work research and at the time, I still believed I would have a career in the 
clinical aspect of medicine. Through our work and collaborations, we conducted 
innovative research that broadened the scope of our knowledge on epithelial cell 
migration and corneal wound healing. I would like to thank Celeste Rich for all 
her help through the years. From critical advice on experimental designs to 
providing me with the necessary tissues to conduct experiments, Celeste is 
always willing to lend a helping hand. I would like to thank past and present 
members of the Trinkaus-Randall lab, especially Dr. Martin Minns and Dr. 
 vi 
 
Amanuel Kehasse. When I first joined the lab, you two taught me everything I 
needed to know about conducting proper experiments and I am so happy we 
have remained friends outside of the lab. 
I would like to thank my entire thesis committee. Thank you Dr. Keith 
Tornheim for being my committee chair and providing me with guidance as I 
embarked on the final stages of my doctorate career. Dr. Karen Symes, thank 
you for providing the emotional support and encouragement I needed to make it 
through this program. Also, thank you for being the second reader for my 
dissertation. I would like to thank Dr. Michael Smith for teaching me the 
experimental technique that became the basis of my doctoral work. Finally, I 
would like to thank Dr. Brigitte Ritter for always asking the tough questions.  
Embarking on the journey of obtaining a doctorate degree often goes hand 
in hand with times of extreme stress and worry. I would not have made it through 
this program without the great friends that I made along the way. Thank you 
Nadine Aziz, Joe Goodliffe, Carly Cederquist, Dana Lau, and Elliot Cha for 
always being in my corner and ready to celebrate my accomplishments. I am so 
happy to have met you and I know we will be lifelong friends. 
Finally, I would like to thank the Biochemistry Department, especially Dr. 
David Harris and Dr. Barbara Schreiber. Thank you Dr. Schreiber for the relaxing 
words and words of wisdom you gave me every time I entered your office, 
worried about some experiment or my future.  
 
 vii 
 
ALTERATIONS IN BASAL LAMINA STIFFNESS AND FOCAL ADHESION 
TURNOVER AFFECT EPITHELIAL DYNAMICS DURING CORNEAL WOUND 
HEALING 
OBIANAMMA EZIAMAKA ONOCHIE 
Boston University School of Medicine, 2018 
Major Professor: Vickery Trinkaus-Randall, Ph.D., Professor of Biochemistry and 
Ophthalmology 
 
ABSTRACT 
Epithelial wound healing is essential for maintaining the function and 
clarity of the cornea. Successful repair after injury involves the coordinated 
movements of cell sheets over the wounded region. While collective migration 
has been the focus of many studies, the effects that environmental changes have 
on this form of movement are poorly understood. In certain pathologies where 
the cornea exists in a chronic hypoxic state, wound healing is delayed. The goal 
of this work is to examine the changes in corneal structure in hypoxic corneas 
that may affect migration and to determine the effects that changes in basement 
membrane stiffness and focal adhesion turnover have on epithelial cell migration. 
We analyzed migration after injury in organ cultures and determined that hypoxic 
corneas exhibited alterations in leading edge morphology. Under hypoxia, 
fibronectin localization to the apical epithelium and anterior stroma was reduced. 
Investigators have suggested that alterations in basal lamina composition may 
increase the stiffness of the membrane. To examine the effect that increased 
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stiffness has on collective migration we performed traction force microscopy. 
Using multi-layered corneal epithelial sheets, we developed a novel method to 
analyze the generation of cellular traction forces and the directionality of sheet 
movement on polyacrylamide gels. We determined that the leading edges of 
corneal epithelial sheets undergo contraction prior to migration. Alterations in 
stiffness affected the amount of force exerted by cells at the leading edge. On 
stiffer surfaces, individual cells within sheets exhibited greater movement 
compared to cells on softer substrates.  
To further assess sheet dynamics, we examined the activation of focal 
adhesion proteins in hypoxic corneas and in human corneal limbal epithelial 
(HCLE) cells seeded onto soft and rigid substrates. Wounded hypoxic corneas 
displayed alterations in the localization of the focal adhesion proteins paxillin and 
vinculin. In HCLE cells cultured on stiff substrates, there was an elevation in 
vinculin pY1065 phosphorylation after injury, a reduction in vinculin-positive focal 
adhesions, and decreased actin bundle thickness. Our results demonstrate that 
changes in membrane stiffness may affect cellular tractions and vinculin 
dynamics, possibly contributing to the delayed healing response associated with 
certain corneal pathologies. 
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CHAPTER ONE: Introduction 
 
Epithelial wound healing is a fundamental biological process necessary for 
the survival of multicellular organisms. The process of self-repair restores the 
damaged architecture and function of the tissue, reestablishes barrier integrity, 
and guards against infection (Brugues et al., 2014; Crosby & Waters, 2010).  
The corneal epithelium is the outermost layer of the eye and thus is 
vulnerable to environmental insults and injury. Corneal repair occurs in two 
phases: an initial response and the closure stage (Crosson, Klyce, & Beuerman, 
1986). Upon injury, damage signals such as nucleotides, calcium, and cytokines 
are immediately released from cells and diffuse through the tissue to activate 
downstream signaling cascades (Boucher, Rich, Lee, Marcincin, & Trinkaus-
Randall, 2010; Minns, Teicher, Rich, & Trinkaus-Randall, 2016; Yu, Yin, Xu, & 
Huang, 2010). These pathways trigger the closure phase by initiating changes in 
actomyosin contractility, cell morphology, and gene transcription, leading to cell 
migration over the wounded region. Cells then proliferate to re-stratify the multi-
layered epithelium in order to establish a homeostatic environment (Crosson et 
al., 1986; Hutcheon, Sippel, & Zieske, 2007; Suzuki et al., 2003). The research 
presented here focuses on the mechanisms involved in cell migration after injury 
to the corneal epithelium. Specifically, the effects that environmental changes 
have on focal adhesion dynamics, basement membrane stiffness, and cell 
motility were examined. 
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1-1: Corneal Epithelial Wound Healing  
Function of the eye 
The human eye is a sense organ that provides three-dimensional 
information of the surrounding environment. The function of the eye is to transmit 
light from the environment to the brain which is interpreted as vision and sight. 
The cornea is an avascular, transparent tissue that covers the front of the eye 
(Figure 1-1) (Trinkaus-Randall, 1997). Energy in the form of light transmits 
through the cornea in a straight path, as long as there are no abnormalities in the 
cornea. After the cornea, the light passes through the lens and is focused onto 
light-sensitive photoreceptors in the retina, where it is converted into neuronal 
signals and transmitted through the optic nerve to the brain (Figure 1-1). Once 
reaching the brain, these electrical signals are interpreted as visual images 
(Jakus, 1961).  
 
Structure and function of the cornea 
The cornea functions primarily to block the passage of foreign material 
into the eye and to refract incoming light onto the lens. The transparency of the 
cornea is essential for refraction to properly occur and depends on the alignment 
of collagen fibrils. The cornea is responsible for 80% of light refraction, indicating 
the importance of maintaining the clarity and health of the tissue (Jakus, 1961).  
The corneal tissue is arranged in three layers: the epithelium, stroma, and 
endothelium (Figure 1-2). The corneal epithelium is the outermost layer,  
 3 
 
 
 
 
 
Figure 1-1: Structure of the eye. 
Schematic shows the side (left image) and front (right image) view of a human eye. 
Right image: energy in the form of light is transmitted through the cornea (the gray circle 
surrounding the black pupil). Left image: from the cornea, light passes through the lens 
where it is focused onto light-sensitive photoreceptors in the retina. Once at the retina, 
the light energy is converted into neuronal signals which are transmitted through the 
optic nerve and to the brain. Once reaching the brain, the signals are interpreted as 
visual images.  
Adapted from: Mary D. Allen, MD (http://www.eyesightresearch.org/background.htm)   
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Figure 1-2: Structure of the cornea. 
Magnified immunofluorescence image of the corneal tissue layers in a rat cornea.  
The corneal tissue is arranged in three layers: the epithelium (top layer), stroma (middle 
layer), and endothelium (bottom layer). F-actin (stained with rhodamine phalloidin) is red 
and nuclei (DAPI) are blue. The different layers of the cornea are indicated on the right. 
The corneal epithelium comprises about 10% of the tissues thickness and is composed 
of 5 – 7 layers of pseudo-stratified squamous cells. The epithelium protects against 
foreign pathogens, absorbs oxygen from the environment, and receives nourishment 
from the tear fluid. Epithelial cells assemble on the basal lamina. The stroma accounts 
for 80 - 90% of the corneal thickness. It is composed of keratocytes that synthesize 
proteoglycans and collagens Type I, III, V, and VII. Posterior to the stroma is the 
Descement’s membrane, which the corneal endothelium adheres to. The endothelium is 
a single cell layer that pumps out excess fluid from the stroma, maintaining the 
transparency of the cornea.  
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comprising about 10% of the tissue’s thickness. It is composed of 5 - 7 layers of 
pseudo-stratified squamous cells. The epithelium provides a barrier against 
foreign pathogens, absorbs oxygen from the environment, and receives 
nourishment from the tear fluid that coats the apical surface of the tissue (Ehlers, 
1970; Trinkaus-Randall, 1997). Epithelial cells assemble on the basal lamina, 
which is composed of collagen Type IV, laminin, and heparan sulfate 
proteoglycans. The basal lamina is one of the three layers of the basement 
membrane, and it serves as a bridge for cell communication and migration 
(Greene, Kuo, & Sherwin, 2017; Laurie, Leblond, & Martin, 1982). The stroma 
accounts for 80 - 90% of the corneal thickness. It is composed of keratocytes that 
synthesize proteoglycans and collagens Type I, III, V, and VII. The transparency 
and strength of the cornea depends on the specific arrangement of collagen 
fibers and also the interaction between fibers and proteoglycans with associated 
glycosaminoglycan (GAG) chains (Newsome et al., 1981). Posterior to the 
stroma is the Descement’s membrane, which is composed of fibronectin and the 
same matrix proteins that comprise the epithelial basement membrane. The 
corneal endothelium adheres to the Descement’s membrane and this single layer 
is one of the only known endothelial tissues that do not undergo mitosis or 
become vascularized (Baum, Maurice, & McCarey, 1984; Thomasy et al., 2014). 
The endothelium regulates stromal hydration by pumping out excess fluid and 
preventing the stroma from swelling with water. This action is critical for 
maintaining the transparency of the cornea (Trinkaus-Randall, 1997).  
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The human cornea is a highly innervated tissue that is supplied by a 
dense network of sensory nerve branches originating from the trigeminal nerve. 
Sensory nerve fibers enter the cornea and innervate the stroma where they are 
surrounded by unmyelinated, Schwann cell sheaths. The lack of myelin ensures 
that the transparency of the cornea is maintained. The nerve fiber network moves 
through the epithelial basement membrane, dividing into smaller bundles, which 
extend into basal epithelial cells as nerve endings. The sensitivity of the corneal 
epithelium is attributed to the presence of the free nerve endings (Belmonte, 
Acosta, & Gallar, 2004; Muller, Marfurt, Kruse, & Tervo, 2003). Corneal nerves 
help maintain the health of the corneal surface by releasing neuronal factors that 
affect cell growth and migration after injury. Thus, impaired innervation in the 
cornea and eye leads to several pathological conditions (Araki et al., 1994; Muller 
et al., 2003; Yamada, Ogata, Kawai, & Mashima, 2000). 
 
The corneal epithelium 
 The corneal epithelium protects against environmental insults (i.e. 
chemical burns and UV irradiation) and provides nutrition through diffusion from 
both tear fluid and conjunctival blood vessels. The epithelium undergoes self-
repair with the aid of stem cells located in the limbus. The limbal region is 
characterized by a ring of cells surrounding the periphery of the cornea and is 
located adjacent to the conjunctiva. The corneal epithelium is a multi-layered 
tissue. The apical (superficial) cells form tight junctions with neighboring cells to 
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maintain the barrier function of the epithelium (Figure 1-3) (Di Girolamo et al., 
2015; Klyce, 1972; Stepp & Zieske, 2005). Beneath the apical layer, there are 
two to three layers of polygonal wing cells and in this region, gap junctions and 
adherens junctions are abundant. The columnar basal cells adhere to the basal 
lamina. Cell turnover is low with only 5% of these cells undergoing mitosis at any 
one time. Turnover occurs every 1 – 2 weeks with asymmetric division. As the 
basal cells move superficially, they are sloughed off from the apical surface 
through the shear force generated from blinking (Hanna, Bicknell, & O'Brien, 
1961; Thomasy et al., 2014). This process is essential for maintaining the 
homeostatic state of the epithelium.   
 
The epithelial basement membrane 
 Corneal epithelial cells adhere to the basal lamina through 
hemidesmosomes and integrins. The corneal basal lamina, which is a layer of 
the basement membrane, is a continuous region of extracellular matrix 
(ECM).The basement membrane separates cells from the underlying stroma and 
acts as a scaffold to maintain the architecture of the tissue. The membrane has 
an essential role in cell adhesion, migration, and proliferation by expressing 
various receptors involved with these processes (Ljubimov et al., 1995; Suzuki et 
al., 2003). The basement membrane is divided into three regions: lamina lucida 
(or lamina rara), basal lamina (or lamina densa), and reticular lamina. The lamina 
lucida is a 10 – 50 nm layer located in close proximity to the cells. The reticular 
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Figure 1-3: Diagram of the corneal epithelium. 
The apical (superficial) cells of the corneal epithelium form tight junctions with adjacent 
cells to maintain the barrier function of the epithelium. Tight junctions localize between 
the apical epithelial cells only. Beneath the apical layer, there are two to three layers of 
polygonal wing cells. The columnar basal cells adhere to the basal lamina and are 
actively involved in migration after injury. Every 1 – 2 weeks, during turnover, basal cells 
move up through the layers until reaching the apical surface. Cells are then sloughed off 
from the apical surface through the shear forces generated from blinking.  Desmosomes 
and hemidesmosomes are involved in cell adhesion. Desmosomes are attachment sites 
between two adjacent epithelial cells. Hemidesmosomes are attachment sites between 
the cell and basal lamina, and are only located on the basal surface of epithelial cells.  
Adapted from: DelMonte and Kim, 2011. 
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lamina is a discontinuous region composed of anchoring fibrils (collagen Type 
VII). Between these two layers lies the basal lamina, a region considered to be 
the ‘basement membrane proper’. This 20 – 300 nm layer is composed primarily 
of collagen Type IV, laminin, and heparan sulfate proteoglycans. In an 
unwounded cornea, fibronectin is not present in this region (Laurie et al., 1982). 
 Cells have the ability to sense and respond to changes in the rigidity of the 
basal lamina (Peyton, Ghajar, Khatiwala, & Putnam, 2007; Roca-Cusachs, 
Iskratsch, & Sheetz, 2012). The human corneal basal lamina has a stiffness of 
approximately 8 kPa, indicating a relatively soft surface (Thomasy et al., 2014). 
Alterations in membrane stiffness have been shown to occur as a result of 
changes in the synthesis of matrix molecules (Canovic et al., 2014; Chopra et al., 
2014; Vogel & Sheetz, 2006). For example, the composition of the corneal basal 
lamina changes with age and during certain pathologies such as diabetes 
(Torricelli, Singh, Santhiago, & Wilson, 2013). In diabetic corneas, studies have 
shown a potential ‘doubling’ of the basal lamina, a decrease in laminin, and an 
increase in heparan sulfate proteoglycans (Azar, Spurr-Michaud, Tisdale, & 
Gipson, 1992; Herse, 1988; Sady, Khosrof, & Nagaraj, 1995). These alterations 
may result in a stiffer basal lamina surface.  
During corneal epithelial wound healing, the basement membrane often 
undergoes degradation and reassembly, which is accompanied by increased 
synthesis of basal lamina proteins (Suzuki, Tanaka, Enoki, & Nishida, 2000; Yu 
et al., 2010). Fibronectin is deposited over the wounded region to provide a 
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temporary matrix as cells migrate over the basal lamina (Gipson, Watanabe, & 
Zieske, 1993; Nishida, Nakamura, Mishima, & Otori, 1990; Stepp, 2006). 
Fibronectin is a dimeric ECM protein composed of two monomers, each with a 
mass of about 220 kDa. Fibronectin has an essential role in 
mechanotransduction through its binding of transmembrane integrin receptors, 
such as α5β1 and α9β1 (Foolen et al., 2016; Stepp, 2006).  
Integrins are members of a family of 24 heterodimeric transmembrane cell 
surface receptors consisting of α and β-subunits. They are composed of an 
extracellular head domain, a transmembrane helix, and typically, a short 
cytoplasmic tail domain. The extracellular domain binds to ECM proteins, while 
the cytoplasmic tail interacts with the cytoskeleton (intermediate or actin 
filaments), forming hemidesmosomes or focal adhesions. Many integrin 
receptors are present along the cell surface in their ‘off’ state. During this time, 
the extracellular head domain is in a low-affinity ligand-binding state. Integrin 
activation occurs when the head domain of talin (an adhesion protein) binds to 
the cytoplasmic tails of integrin β subunits. This binding leads to conformational 
changes of the extracellular domains, increasing the affinity between integrin and 
its ligands (Hynes, 2002; Wegener et al., 2007).  
Integrins bind to several ECM components including fibronectin, collagen, 
and laminin (Figure 1-4). In an intact corneal epithelium, αβ (α5β1, α9β1) and αv 
(αvβ1, αvβ5, αvβ6) integrins bind to fibronectin. During corneal wound healing,  
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Figure 1-4. Integrin superfamily and ligands present in the corneal epithelium. 
Integrins are members of a family of 24 heterodimeric transmembrane receptors 
consisting of α and β-subunits. Integrins bind to several ECM components including 
collagen, laminin, and fibronectin.  
 
 12 
 
certain integrins, such as α9β1 and αvβ6, are upregulated (Stepp, 2006). Besides 
binding to fibronectin, αvβ6 integrin also activates latent transforming growth 
factor (TGF)-β3 and interacts with vitronectin (Annes, Rifkin, & Munger, 2002; 
Blanco-Mezquita, Hutcheon, Stepp, & Zieske, 2011). In addition, αvβ6 has a role 
in regulating laminin production after injury to the corneal epithelium (Blanco-
Mezquita et al., 2011).  
Hemidesmosomes are multi-protein complexes that have a role in the 
attachment of epithelial cells to the underlying basal lamina (Figure 1-5). The 
cell-substrate complexes are connected to the basal lamina through anchoring 
filaments (Trinkaus-Randall, 1997). The integrin receptor, α6β4, is a major 
component of hemidesmosomes (Stepp, Spurr-Michaud, Tisdale, Elwell, & 
Gipson, 1990). The β4 subunit binds to intermediate filaments on the cytoplasmic 
face and its extracellular domain binds to laminin. Hemidesmosomes are 
physically disrupted after injury, allowing for cell migration (Nievers et al., 1998; 
Stepp, 2006).  
As cells explore their environment and begin migrating, they pull and 
stretch fibronectin fibers. Mechanical stretching causes fibronectin to partially 
unfold, leading to the exposure of cryptic binding sites necessary for fibronectin 
self-association (Chabria, Hertig, Smith, & Vogel, 2010; Foolen et al., 2016; 
Jansen, Atherton, & Ballestrem, 2017). Evidence shows that the strength of 
binding between α5β1 and fibronectin increases when cells pull on fibronectin 
attached to stiff but not soft substrates. The binding between integrin receptors 
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Figure 1-5. Electron micrograph of hemidesmosomes.  
Rabbit corneas were cultured in keratinocyte medium for 24 hours. Three millimeter 
wounds were made in the center of the cornea and the epithelium was removed. 
Corneas were then cultured in serum free medium containing EGF (25 ng/mL) for 24 
hours. Tissues were fixed, 90 nm sections were cut, and transmission electron 
microscopy was performed of the wound edge. Arrow points to the basal lamina at the 
wound edge. Arrowheads (within white box) indicate the presence of hemidesmosomes 
at the surface of the basal cell.  
Adapted from: Q. H. Song et al., 2003. 
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and their ECM ligands initiates many cellular responses including changes in 
signal transduction, focal adhesion formation, force generation, and cell motility 
(Foolen et al., 2016; Jansen et al., 2017).  
As the cornea undergoes repair, fibronectin transiently localizes to the 
wound, and there is an increase in the localization of integrins α9β1 and αvβ6 
along lamellipodial extensions. These receptors bind to fibronectin and in the 
uninjured state, are downregulated when fibronectin levels are low (Blanco-
Mezquita et al., 2011; Stepp, 2006). Once epithelium has covered the wounded 
region, it deposits collagen Type IV and laminin, and fibronectin decreases 
(Blanco-Mezquita et al., 2011).  
 
Corneal epithelial wound healing 
 Epithelial wound healing is essential for the survival of multicellular 
organisms (Brugues et al., 2014). The corneal epithelium is constantly exposed 
to the environment and therefore likely to sustain damage, illustrating the 
importance of self-repair in this tissue (Nagai & Honda, 2009). Upon injury to the 
epithelium, tight junctions and hemidesmosomes are lost. Injured cells rapidly 
release nucleotides and damage signals, which diffuse through the tissue to 
activate downstream signaling cascades (Klepeis, Cornell-Bell, & Trinkaus-
Randall, 2001; Minns et al., 2016). These pathways initiate changes in 
actomyosin contraction, cell morphology, and gene transcription, enabling cell 
migration to occur (Hutcheon et al., 2007; Suzuki et al., 2003).  
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 Previous studies from our lab have demonstrated that purinergic receptors 
have an essential role in initiating the wound healing response (Boucher et al., 
2010; Minns et al., 2016). Immediately upon injury, ATP and Ca2+ are released 
from damaged cells (Figure 1-6A). ATP binds to the P2X7 purinergic receptor 
and P2X7, in turn, regulates calcium mobilization through the release of ATP 
from cells. ATP also binds to and activates P2Y2 receptors along cell 
membranes, stimulating the release of calcium from the endoplasmic reticulum 
(Figure 1-6A) (Minns et al., 2016). Minutes after injury, focal adhesion proteins 
(e.g. vinculin and paxillin) are phosphorylated. Additionally, EGF and other 
growth factors bind to transmembrane receptor tyrosine kinases, activating the 
mitogen-activated protein kinase (MAPK) signaling pathway and initiating 
cytoskeletal rearrangements and cell migration (Figure 1-6B) (Block, Matela, 
SundarRaj, Iszkula, & Klarlund, 2004; Kehasse et al., 2013). By 2 hours after 
injury, P2X7 mRNA decreases, while P2Y2 receptor localization to the 
membrane increases (Boucher et al., 2010; Minns et al., 2016). ECM remodeling 
and protein synthesis occur within hours upon injury, and newly synthesized FN 
provides a temporary matrix for cells to migrate on (Gipson et al., 1993; Zieske et 
al., 1987). 
 Unlike other cells, the corneal epithelium moves as a collective sheet to 
close the wound (Anon et al., 2012; Fenteany, Janmey, & Stossel, 2000). Cells at 
the leading edge form cytoplasmic protrusions called lamellipodia, which exert  
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Figure 1-6: Wound healing in the corneal epithelium 
A. Schematic shows the intracellular signaling events which occur after injury to corneal 
epithelial cells. Upon injury, ATP is immediately released from damaged cells. P2X7 and 
P2Y2 receptors at the membrane become activated. Intracellular calcium levels rise after 
P2X7 activation and from IP3-mediated release of Ca2+ from the endoplasmic reticulum 
(ER). Ca2+ mobilizes though gap junctions into neighboring cells, propagating the wound 
healing response. Minutes after injury, growth factors, such as EGF, are released and 
bind to transmembrane receptor tyrosine kinases, initiating the activation of several 
downstream signaling pathways (e.g. MAP kinase). Focal adhesion formation begins 
with the phosphorylation and activation of key adaptor proteins (e.g. vinculin, paxillin, 
Src). ECM remodeling and protein synthesis increase and FN localizes to the wound 
bed. B. Timeline of the wound healing process in the corneal epithelium. Immediately 
after injury, ATP and Ca2+ are released from damaged cells. Within 10 minutes, focal 
adhesion proteins are activated and growth factors are released. This is accompanied by 
membrane ruffling and increased cell contractility at the wound edge. By 2 hours after 
injury, P2X7 mRNA decreases, while P2Y2 receptor localization to the membrane 
increases. ECM remodeling and protein synthesis occur within hours upon injury, and 
newly synthesized FN provides a temporary matrix for cells to migrate on. By 18 to 48 
hours, minor wounds heal and within 2 weeks, re-stratification of the epithelium is 
complete. RTK, receptor tyrosine kinase; EGF, epidermal growth factor; P2Y2R, P2Y2 
receptors; P2X7R, P2X7 receptors; P, phosphorylated site; ER, endoplasmic reticulum; 
FN, fibronectin; Coll IV, collagen Type IV; Lam, laminin; HSP, heparan sulfate 
proteoglycan; pax Y118, paxillin pY118; vinc Y1065, vinculin pY1065; vinc Y822, vinculin 
pY822; α-cat, α-catenin; β-cat, β-catenin; ECM, extracellular matrix; IP3, inositol 
triphosphate; Ca2+, calcium; BL, basal lamina; GF, growth factor.   
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tractions onto the substrates and sense directional cues from the environment 
through the actin cytoskeleton. These cytoskeletal extensions are stabilized by 
focal adhesions located at the leading edge. Once migrating cells along the 
leading edge come into contact with cells on the opposite side of the wound, 
migration stops. Cell proliferation and re-stratification of the epithelium ensues to 
restore the barrier integrity and function of the cornea. The healing response is 
rapid with wound closure of superficial or minor wounds typically occurring within 
48 hours after injury. Full restoration of the multicellular layered epithelium occurs 
7 – 14 days after the initial injury (Hanna, 1966; Hutcheon et al., 2007). 
 
1-2: Epithelial Cell Migration 
Single cell migration 
 Single cell migration depends on mechanotransduction and signaling 
cascades localized within the same cell. Individual cells move along the ECM 
through the action of two synchronized events: the extension and contraction of 
the actin cytoskeleton and the formation and disassembly of focal adhesions 
(Keren et al., 2008; Lauffenburger & Horwitz, 1996). Cells begin the migratory 
process by undergoing changes in polarity and extending cytoskeletal 
protrusions (lamellipodia) in the direction of migration, forming the leading edge. 
As movement occurs, the actin-rich lamellipodia are stabilized through 
attachments to the ECM. These attachments are known as focal adhesions and 
they anchor cells to the underlying substrate, transmit propulsive forces, and 
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serve as traction sites for cells as they migrate over the ECM (Beningo, Dembo, 
Kaverina, Small, & Wang, 2001; Lauffenburger & Horwitz, 1996). Evidence 
shows that forces transmitted to the underlying substrate are strongest at focal 
adhesions along the leading edge and at the retracting rear of the cell (Beningo 
et al., 2001). As cells migrate forward, focal adhesions are disassembled 
allowing cells to detach from the ECM. At the leading edge, focal adhesion 
disassembly is synchronous with the formation of nascent focal adhesion 
complexes and new lamellipodial protrusions. These initial, nascent focal 
adhesion complexes are typically short-lived, bound to a small amount of F-actin, 
and contain integrin as well as the focal adhesion proteins talin, paxillin, vinculin, 
and α-actinin (Ballestrem, Hinz, Imhof, & Wehrle-Haller, 2001; Burridge & 
Connell, 1983; Laukaitis, Webb, Donais, & Horwitz, 2001; Nobes & Hall, 1995; 
Rottner, Hall, & Small, 1999). The nascent focal adhesion complexes that do not 
turnover instead mature into stable, larger focal adhesions (Ballestrem et al., 
2001; Webb, Parsons, & Horwitz, 2002).  At the cell rear, focal adhesion 
disassembly is essential for cell retraction, which leads to the translocation of the 
cell body. Adhesion disassembly at the front and rear of the cell is regulated by 
pathways that include focal adhesion kinase (FAK), Src, and the calcium 
dependent protease calpain 2 (through increased intracellular calcium levels) 
(Calalb, Polte, & Hanks, 1995; Chan, Bennin, & Huttenlocher, 2010; Franco et 
al., 2004; L. Kornberg, Earp, Parsons, Schaller, & Juliano, 1992). 
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Collective sheet migration of epithelial cells  
 Collective cell migration occurs in physiological and pathological 
processes that include wound healing (Fenteany et al., 2000; Nabeshima et al., 
1998; Rorth, 2007), embryonic morphogenesis (Barriga, Franze, Charras, & 
Mayor, 2018; Scarpa & Mayor, 2016), and cancer metastasis (Christiansen & 
Rajasekaran, 2006). During development, collective migration occurs at different 
stages in multicellular organisms. For example, in humans, it is detected during 
the formation of mammary ducts (Ewald, Brenot, Duong, Chan, & Werb, 2008) 
and during branching of the tracheal system (Ghabrial & Krasnow, 2006). The 
movement of cells as a collective group also occurs in many cancers where cells 
have not fully de-differentiated. This is observed in colorectal and oral squamous 
cell carcinomas as well as in breast cancer (Christiansen & Rajasekaran, 2006; 
Nabeshima et al., 1998).  
During wound healing, epithelial repair occurs through the coordinated 
movement of sheets of cells over injured regions (Figure 1-7A) (Anon et al., 
2012). This type of migration involves the creation of polarized cell extensions 
and the formation of propulsive forces (Figure 1-7B) (Friedl, Hegerfeldt, & Tusch, 
2004; Rorth, 2007). Cells are mechanically linked to their neighbors through cell-
cell contacts, such as adherens junctions, which may contain cadherins. 
Cadherins are calcium dependent transmembrane proteins that form isotypic 
interactions through a tryptophan binding pocket in the extracellular domain  
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Figure 1-7: Schematics depicting collective epithelial cell migration after corneal 
injury. 
A. Schematic shows cell migration after wounding in a stratified corneal epithelium. After 
injury, cells along the leading edge become migratory. This is followed by the 
coordinated movement of the remaining epithelium over the wounded region. Cell 
migration stops when the wounded area is completely covered by epithelial cells and is 
no longer exposed. Adapted from: Katsuyoshi et al., 2003. B. During collective 
migration, cells are mechanically linked to their neighbors through cell-cell contacts 
(adherens junctions). Cells at the wound edge form lamellipodial protrusions that exert 
forces on the ECM and sense environmental cues, which guide the cell sheet in the 
correct direction to cover the wounded region. Adapted from: Scarpa and Mayor, 2016. 
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1-3: Focal Adhesion Complexes  
Function and formation of focal adhesion complexes 
Interactions between cells and the surrounding ECM are critical for optimal 
migration. Focal adhesion complexes are large protein structures that link the 
actin cytoskeleton and the ECM. They have two primary functions within the cell. 
The first is to transmit force across adhesion sites, which provides information 
about the underlying substrate while enabling strong attachments to occur 
between the cell and the ECM. The second is to act as an intracellular signaling 
center from which pathways regulating cell motility, growth, and gene 
transcription are initiated (Figure 1-8) (Ingber, 2003).  
Focal adhesions are heterogenous, mechanosensitive complexes that 
assemble and disassemble (turnover) as cells migrate over the ECM. When 
external forces are applied to integrin receptors located within lamellipodial 
extensions, nascent complexes form. As previously mentioned, nascent focal 
adhesion complexes that do not undergo rapid turnover mature into focal 
adhesions as more tension is transmitted through them. This maturation event 
involves increased recruitment of activated adaptor proteins (such as vinculin 
and Src) to the adhesion site and the mechanical coupling of the actin 
cytoskeleton to integrin. The increased strength of binding between the 
cytoskeleton and adhesion proteins enables cells to form larger actin bundles 
along the leading edge during migration (Ballestrem et al., 2001; Choquet, 
Felsenfeld, & Sheetz, 1997; N. Wang, Butler, & Ingber, 1993; Webb et al., 2002).  
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Figure 1-8: Focal adhesions are the mechano-sensing processing centers of the 
cell. 
Upper panel: Two epithelial cells representing the front (right cell) and one cell back from 
the leading edge (left cell) are depicted. The interactions between cells and the basal 
lamina are shown. Examples of intracellular signals in response to extracellular inputs 
from integrins and an adherens junction are shown. Lower panel: Input signals, the 
intracellular response, and output behavior are summarized in blue boxes. 
Pax Y118, paxillin pY118; vinc Y1065, vinculin pY1065; P, phosphorylated site; E-cad, 
E-cadherin; α-cat, α-catenin; β-cat, β-catenin; vinc Y822, vinculin pY822; FA, focal 
adhesion; ECM, extracellular matrix.   
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Composition of focal adhesion complexes 
 Cells explore the surrounding microenvironment and sense cues, which 
guide their direction of migration. To accomplish this, cells project lamellipodial 
extensions, which allow integrin receptors along the cell membrane to bind to 
matrix molecules, leading to the formation of focal adhesions (Wehrle-Haller, 
2012). Integrin activation and focal adhesion formation is initiated by the 
adhesion protein talin. Talin is a 230 kDa protein which resides in the cytoplasm 
in an inactive, closed conformation. When inactive, its long C-terminal tail inhibits 
the globular head region by binding to the FERM domain within the head region. 
Upon binding to phosphotidylinositol (4,5) bisphosphate (PIP2) (located along the 
cell membrane), talin undergoes a conformational change which activates it and 
exposes the head domain. Talin is then recruited to adhesion sites along the 
membrane where it binds to the cytoplasmic tail of integrin though its head 
domain. Talin also binds to actin filaments through its tail domain, linking integrin 
receptors to the actin-cytoskeletal network. Adaptor proteins such as paxillin, 
vinculin, and FAK also bind to the cytoplasmic tail of integrins and to the tail 
domain of talin (Goksoy et al., 2008; Moulder, Huang, Waterston, & Barstead, 
1996; Roberts & Critchley, 2009; Wegener et al., 2007).  
Paxillin is a 68 kDa adhesion protein that plays an important role in the 
formation and strengthening of nascent complexes. Paxillin functions as a 
docking site for several adaptor proteins after it moves from the cytoplasm to 
bind to integrin and talin at the membrane. The structural domains of paxillin 
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contain multiple binding sites for other adhesion proteins. For example, after 
paxillin is phosphorylated at tyrosine 118 (referred to as paxillin pY118) by v-Src, 
it binds to vinculin pY1065 and anchors the protein to adhesion sites. (Glenney & 
Zokas, 1989; Turner, Glenney, & Burridge, 1990; Zaidel-Bar, Milo, Kam, & 
Geiger, 2007).  
 Talin and paxillin link integrin receptors to F-actin, initiating the formation 
of nascent complexes. However, for complexes to mature into focal adhesions, 
the recruitment of vinculin must occur. Vinculin is a well-characterized focal 
adhesion protein that is involved in motility, contraction, and force transmission. It 
has a role in the cell-matrix pathway, which leads to focal adhesion formation, 
and the cell-cell pathway, which results in cell junction stabilization (Bays et al., 
2014; Carisey & Ballestrem, 2011; Goldmann, Auernheimer, Thievessen, & 
Fabry, 2013; Grashoff et al., 2010). The importance of vinculin has been 
highlighted in many knockdown and mutation studies. For example, in C. 
elegans, when vinculin was knocked down in the muscle, it led to a significant 
reduction in functional focal adhesions and complete muscle paralysis (Williams 
& Waterston, 1994). Vinculin has an essential role during embryonic 
development because of its involvement in the regulation of cell adhesion and 
motility, processes that are necessary for normal embryogenesis. In studies 
examining embryonic development in mice, a genetic knockout of vinculin 
resulted in brain and heart defects (W. Xu, Baribault, & Adamson, 1998). 
Furthermore, in mouse embryonic stem cells, vinculin mutant cells presented 
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with a reduction in adhesion to fibronectin, decreased lamellipodial protrusions, 
increased migration, and changes in cell morphology (Coll et al., 1995).  
 Vinculin is a 117 kDa ubiquitous protein. It contains binding domains for 
actin, talin, and paxillin (Carisey & Ballestrem, 2011). Vinculin contains three 
major domains: an N-terminal globular head, a proline-rich neck (hinge) region, 
and a C-terminal tail (Figure 1-9) (Eimer, Niermann, Eppe, & Jockusch, 1993). 
Conformational changes in protein folding result in vinculin activation. Under 
resting conditions, vinculin resides in the cytoplasm in its closed, inactive state. 
Its C-terminal tail domain interacts with the D1 domain of the globular head, 
causing binding sites on vinculin to remain hidden (Bakolitsa et al., 2004; Golji & 
Mofrad, 2010). The binding sites are exposed when talin binds to the D1 head 
domain of vinculin or when increased external force is transmitted through the 
cytoskeleton. At this point, vinculin is partially unfolded which allows tyrosine 
1065 to become phosphorylated by c-Src (referred to as vinculin pY1065) 
(Auernheimer et al., 2015; Bois, O'Hara, Nietlispach, Kirkpatrick, & Izard, 2006; 
Johnson & Craig, 1995). Vinculin pY1065 is then recruited to adhesion sites 
where it binds to paxillin pY118 and talin. Paxillin pY118 binds to the vinculin 
pY1065 tail domain causing the protein to fully unfold. In this extended state, 
vinculin pY1065 can bind to F-actin and other proteins associated with the 
cytoskeletal network (e.g. FAK and Src), leading to the stabilization and growth of 
nascent focal adhesion complexes (Figure 1-10). As cells contract during  
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Figure 1-9: Structure of the vinculin protein. 
Vinculin is a 1066 amino acid protein that contains binding domains for F-actin, paxillin, 
talin, and α-catenin. It contains three major domains: an N-terminal globular head, a 
proline-rich neck (hinge) region, and a C-terminal tail. D1 – D5, domains comprising the 
globular head region of vinculin; aa, amino acid.  
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Figure 1-10: Schematic of the focal adhesion complex.  
Integrin receptors bind to ECM proteins (fibronectin, collagen IV, heparan sulfate 
proteoglycans) through an extracellular head domain. Talin initiates integrin activation by 
binding to the cytoplasmic tail domain of integrin. Talin and paxillin pY118 act as docking 
sites for adhesion proteins, such as vinculin pY1065 and FAK. Vinculin pY1065 
recruitment leads to the maturation and stabilization of adhesion complexes through its 
interaction with adaptor proteins (red circles) and actin fibers. Pax Y118, paxillin pY118; 
vinc Y1065, vinculin pY1065; Src, Src pY416; FAK, focal adhesion kinase; P, 
phosphorylated site; FN, fibronectin; Coll IV, collagen Type IV; HSP, heparan sulfate 
proteoglycans. 
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migration, the complexes enlarge and mature into focal adhesions (Gilmore & 
Burridge, 1996; Petrie & Yamada, 2012).   
In addition to its involvement in focal adhesion formation through the cell-
matrix pathway, vinculin also has a role in the formation of cell-cell adhesions. 
Cells are mechanically linked to neighboring cells through E-cadherin-containing 
adherens junctions. These cell-cell contacts ensure that cells move as a 
collective sheet during migration (Friedl et al., 2004). Changes in external forces 
are transmitted through the actin cytoskeleton, leading to E-cadherin stabilization 
within adherens junctions and conformational changes in vinculin. After binding 
sites on vinculin are exposed, phosphorylation at tyrosine 822 (referred to as 
vinculin pY822) by c-Abelson (c-abl) enables vinculin pY822 to bind to α- and β -
catenin at cell-cell junctions (Bays et al., 2014; Perez-Moreno et al., 2003; 
Yonemura, Wada, Watanabe, Nagafuchi, & Shibata, 2010).  Vinculin pY822 is 
then able to transmit the external force to the cytoskeleton, leading to changes in 
cell stiffness and morphology (Grashoff et al., 2010). 
 
Focal adhesions on varying substrates 
Cells use focal adhesions and cytoskeletal contraction to sense and 
respond to extracellular cues, such as changes in substrate rigidity (Peyton et al., 
2007; Roca-Cusachs et al., 2012). Studies show that intracellular signaling in 
response to stiffer matrix surfaces can increase actin cytoskeleton contractility  
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leading to changes in focal adhesion growth and maturation (Figure 1-11) (Choi 
et al., 2008; Dupont et al., 2011). On rigid substrates, many cell types form large 
focal adhesions due to increases in external force (Balaban et al., 2001; Tan et 
al., 2003). In response to increased mechanical tension, integrins can enforce 
their binding to ECM ligands. Alterations in force applied through integrin 
receptors affect the composition and maturation of focal adhesions (Kong, 
Garcia, Mould, Humphries, & Zhu, 2009; Kong et al., 2013; Schiller et al., 2013). 
For example, increased tension across talin causes cryptic vinculin pY1065 
binding sites to be exposed. This leads to enhanced vinculin pY1065 recruitment 
and an increased number of activated vinculin proteins binding to each talin 
protein. Increased vinculin pY1065 localization within adhesions amplifies the 
recruitment and binding of adaptor proteins, leading to larger and stronger focal 
adhesions (Austen et al., 2015; del Rio et al., 2009). Furthermore, changes in 
external force regulate the enzymatic activities of specific proteins involved in 
focal adhesion formation. For instance, the catalytic activity of Src rapidly 
increases when greater force is applied across the actin cytoskeleton of human 
umbilical vein endothelial cells (HUVECs). Increased Src activity enhances the 
phosphorylation of adhesion proteins, leading to changes in intracellular signaling 
and focal adhesion dynamics (Discher, Janmey, & Wang, 2005).     
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Figure 1-11: Diagram depicting the mechano-sensing properties of focal 
adhesions. 
Focal adhesions sense and respond to the mechanical properties of the extracellular 
matrix. A. On stiff substrates, integrin binding leads to increased recruitment of focal 
adhesion proteins, larger adhesion complexes, and increased interaction between 
adhesion proteins and F-actin. B. On soft surfaces, where tension throughout the 
cytoskeleton is low, focal adhesions are small and undergo rapid turnover. FA, focal 
adhesion; ECM, extracellular matrix. 
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On softer surfaces where the force transmitted through the actin 
cytoskeleton is low, focal adhesions are usually small and short-lived (Figure 1-
11) (Balaban et al., 2001; Tan et al., 2003). In 3T3 fibroblasts and rat kidney 
epithelial cells, adhesions on softer matrices were smaller and highly dynamic 
(Pelham & Wang, 1997). In a low-tension environment, adhesion proteins that 
are sensitive to changes in force may remain inactive. Subsequently, these 
proteins are not recruited to adhesion sites and nascent focal adhesion 
complexes do not mature (Discher et al., 2005; Kong et al., 2009). Therefore, the 
molecular composition, growth, and maturation of focal adhesion complexes are 
highly regulated by changes in traction forces and substrate rigidity.  
 
Disassembly (turnover) of focal adhesion proteins   
 Cell migration requires the continuous assembly and disassembly of focal 
adhesions along the leading edge and at the rear of the cell. This process is 
known as adhesion turnover and is one of the rate-limiting steps in cell migration 
(Hynes, 2002; Stepp, 2006). When an adhesion is disassembled, its protein 
components are incorporated into newly formed adhesions. Focal adhesion 
turnover is controlled by several mechanisms including changes in intracellular 
signaling and calpain 2 activity, as well as through ECM degradation. Alterations 
in signal transduction can lead to changes in kinase activity. For example, FAK 
has a key role in adhesion disassembly in many tissues. Integrin clustering and 
ECM binding triggers the phosphorylation of tyrosine 397, which is an 
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autophosphorylation site on FAK (L. Kornberg et al., 1992; L. J. Kornberg, Earp, 
Turner, Prockop, & Juliano, 1991). Once phosphorylated, Src family kinases bind 
to FAK, become activated, and promote FAK phosphorylation at other tyrosine 
residues (tyrosine 576, 577, and 863). Src kinases phosphorylate many proteins 
involved in adhesion formation, such as paxillin and vinculin. Therefore, 
decreased intracellular signaling downregulates FAK activation, which leads to 
decreased Src kinase activity and a reduction in the recruitment of focal adhesion 
adaptor proteins (Calalb et al., 1995; Xing et al., 1994).  
 Besides regulation through phosphorylation, the proteolysis of adhesion 
proteins further modulates focal adhesion turnover. In fibroblasts, talin proteolysis 
by calpain 2 has been shown to cause the dissociation of paxillin and vinculin 
from integrins. FAK also undergoes proteolysis by calpain 2, further initiating 
adhesion disassembly (Chan et al., 2010; Franco et al., 2004). Another factor 
that has a role in adhesion turnover is the proteolytic degradation of the ECM. 
This occurs when there is damage to the tissue and remodeling ensues. Soluble 
fragments of fibronectin and activation of certain integrin-binding proteins (Numb 
and Dab2) can lead to β1-integrin receptors being internalized by clathrin-
mediated endocytosis, ubiquitinated, and degraded by the lysosome (Ezratty, 
Bertaux, Marcantonio, & Gundersen, 2009; Lobert et al., 2010).  
 
1-4: Traction Forces and Tension Exerted During Cell Migration 
Techniques employed to measure traction forces during cell migration 
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 Mechanotransduction is the ability of cells to sense and respond to 
mechanical stimuli. This process requires cells to sense changes in external 
forces, which initiates specific intracellular signaling responses. The actin 
cytoskeleton has an essential role in mechanotransduction by linking the 
intracellular compartments to the outside environment (Doyle & Yamada, 2016; 
Huveneers & de Rooij, 2013). Cells sense the mechanical properties of the ECM 
by applying forces to the matrix. Traction forces are defined as the forces 
generated and exerted by cells during migration. Due to these traction forces, 
cells alter their behavior in response to fluctuations in external force and 
mechanical characteristics of the ECM. For instance, when the ECM stiffens due 
to aging or disease (e.g. fibrosis, cancer, or diabetes), then cell migration, 
proliferation, and differentiation may be adversely affected (Lu, Weaver, & Werb, 
2012; Snedeker & Gautieri, 2014).  
Cells possess several mechanosensitive compartments, such as cell-
matrix adhesions (focal adhesions), cell-cell adhesions (adherens junctions), and 
force sensitive calcium channels (Doyle & Yamada, 2016; Huveneers & de Rooij, 
2013; Kobayashi & Sokabe, 2010). To fully understand cell migration, all forces 
involved in the process must be examined. Cells exert protrusive forces through 
lamellipodial extensions as they migrate over substrates. Focal adhesions exert 
force in several ways: intramolecular tensional forces are exerted between 
integrin receptors and their ECM ligand; integrin and talin; vinculin and talin; and 
vinculin and F-actin. Forces are also generated between the adaptor proteins 
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within individual focal adhesion complexes. Furthermore, during collective 
migration, forces are generated between adjacent cells through cell-cell contacts 
as well as with the underlying substrate. The end result is that cells turn 
extracellular- and intracellular-generated forces (via integrins and cadherins) into 
signals, which lead to cytoskeletal rearrangements, cell motility, and successful 
collective migration (Doyle & Yamada, 2016; Ingber, 2003; Kobayashi & Sokabe, 
2010; Laukaitis et al., 2001). 
Within the past few decades, numerous methods have been developed to 
measure traction forces between single migrating cells (or small cell clusters) and 
the ECM during adhesion and migration. In 1980, for example, Harris et al. 
introduced the novel concept of measuring forces by tracking the wrinkling of 
elastic silicon rubber substrates as cells migrated. Difficulties in quantification 
occurred with this technique, however, due to the fact that the wrinkles generated 
were unstable and nonlinear (Harris, Wild, & Stopak, 1980). Collagen gel 
contraction was also used in the 1980s to study cell tractions and wound healing 
(Montesano & Orci, 1988). This was soon accompanied by other synthetic 
substrates, such as acrylamide and microfluid containers of known substrate and 
flow rate (Chen et al., 2015; Delvoye, Wiliquet, Leveque, Nusgens, & Lapiere, 
1991; Montesano & Orci, 1988). Building upon the groundbreaking work of Harris 
et al. (1980), researchers began exploring the idea of using bead displacement 
on polyacrylamide gels to calculate cellular forces exerted during migration 
(Oliver, Dembo, & Jacobson, 1995; Y. L. Wang & Pelham, 1998). In 1995, 
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Dembo et al. and Oliver et al. developed traction force microscopy (TFM) to 
quantitatively examine fibroblast migration on two-dimensional polyacrylamide 
surfaces (Dembo, Oliver, Ishihara, & Jacobson, 1996; Oliver et al., 1995). This 
technique was more sensitive than the silicone wrinkling method in that smaller 
forces (~20 nN) could be detected. The use of polyacrylamide gels was 
advantageous because these substrates were easily embedded with fluorescent 
beads, elastic, transparent, nontoxic, and resembled a more physiological state 
than silicon rubber or glass (Pelham & Wang, 1997; Y. L. Wang & Pelham, 
1998). Additionally, substrate rigidity could be controlled through the amount of 
bis-acrylamide added to gel solutions. The typical Young’s modulus of 
polyacrylamide gels ranges from 1 kPa to 30 kPa and this range incorporates 
physiologically relevant values (Butler, Tolic-Norrelykke, Fabry, & Fredberg, 
2002; Dembo & Wang, 1999; Kraning-Rush, Carey, Califano, & Reinhart-King, 
2012). Since the development of TFM, other experimental methods, such as 
microfabricated pliable pillars and gel embedded force sensors, have contributed 
to the advancements in quantifying cell-ECM interactions (Galbraith, Yamada, & 
Sheetz, 2002; Tan et al., 2003). While researchers use a variety of methods for 
measuring traction forces, TFM remains the most widely used technique (Butler 
et al., 2002; Krishnan et al., 2012; J. H. Wang & Lin, 2007).  
Traction force microscopy can be performed to study the dynamic 
behavior of cell-matrix and cell-cell interactions in single cells and in rare cases, 
cell monolayers. However, this technique has not been performed using multi-
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layered tissues, such as the corneal epithelium. TFM uses wide-field and optical 
phase microscopy to track and measure cell or fluorescent bead displacements 
at the surface of the substrate. These deformations occur due to the forces 
exerted by migrating cells. To begin experimentation, cells are seeded onto 
polyacrylamide substrates and given time to spread and migrate. Images of the 
cells and fluorescent tracker are captured at specific time intervals. Fluorescent 
beads (0.2 – 1 µm in size) that are embedded within or conjugated to the surface 
of polyacrylamide gels, shift positions as cells migrate over them. Once the cells 
have migrated away or been removed through trypsinization, the beads return to 
their original positions. At the end of the experiment, cells are trypsinized and 
become detached from gels in order to obtain a reference (relaxed state) image 
of bead positions (Dembo & Wang, 1999; Schwarz et al., 2002).  
Computational analyses of bead displacements are performed and the 
resulting data are converted into tension vectors, generating traction force values 
(Butler et al., 2002; Franck, Maskarinec, Tirrell, & Ravichandran, 2011; Krishnan 
et al., 2012). Fourier transform traction microscopy (FTTC) is one method used 
for analysis. FTTC compares each fluorescent image with its reference image to 
properly measure bead displacement throughout the course of experimentation. 
From the displacement field, measurements of all tractions present on the gel 
surface can be obtained. FTTC divides the measurements into two classes: 
constrained and unconstrained. Constrained FTTC measures the tractions 
exerted underneath migrating cells only, while unconstrained FTTC shows the 
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displacements and tensions measured over the entire gel surface, regardless of 
the cell boundary (Butler et al., 2002; Krishnan et al., 2012).     
 With advancements in technology, additional experimental techniques are 
available to study focal adhesion dynamics at the nano- and picoNewton scale. 
The force sensitive talin-vinculin interaction has been the focus of many studies 
(Bass, Smith, Prigent, & Critchley, 1999; del Rio et al., 2009; Haining, von Essen, 
Attwood, Hytonen, & Del Rio Hernandez, 2016; Hu et al., 2016; Yao et al., 2016). 
One group performed single-molecule studies in which up to 12 pN of force was 
applied to single talin molecules within adhesion complexes. They demonstrated 
that talin undergoes an unfolding stage once the intramolecular tension exceeds 
a certain threshold. This unfolding event allows cryptic vinculin binding sites to be 
exposed. Additional vinculin molecules bind to talin and this further enhanced the 
tension (del Rio et al., 2009). Grashoff et al. (2010) used FRET-based tension 
sensors to measure the mechanical tension across vinculin within focal 
adhesions. In these investigations, they demonstrated that vinculin could sustain 
approximately 2.5 pN of force and that the amount of tension on vinculin varied 
depending on where the focal adhesion was located along the cell membrane 
(Grashoff et al., 2010). Studies such as these have elucidated just how complex 
the cell-matrix interaction is. Although the integrin-ECM and talin-vinculin 
interactions have been extensively characterized in recent years, there are still 
many features of the integrin-talin and vinculin-actin bindings that have yet to be 
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defined. As the precision of experimental methods further improves, more 
information will be revealed about these interactions.  
  
Forces exerted during epithelial sheet migration on varying substrates 
 Studies examining the migration of individual cells or small cell clusters 
have been extensively performed (Chen et al., 2015; Mak, Spill, Kamm, & 
Zaman, 2016). Unlike single cell movement, the mechanisms involved in 
collective migration are less understood. For several decades it was believed that 
leader cells along the leading edge exerted local forces that were transmitted 
back from cell to cell, propelling the entire sheet forward (Gov, 2007). It was 
further believed that cells back from the leading edge were passive followers and 
exerted no force of their own (Gov, 2007; Khalil & Friedl, 2010). In the past, many 
groups used a variety of in vitro, in vivo, and in silico techniques to study 
collective migration. However, much of the data generated has provided indirect 
evidence because forces within a sheet have been inaccessible to direct testing. 
With the advancement of experimental methods, direct measurements have 
been achieved (Trepat et al., 2009; Brugues et al., 2014).  
Studies now show that cells several rows back from the leading edge play 
an active role in sheet migration (Figure 1-12). Trepat et al. (2009) used FTTC to 
examine the forces exerted in cells seeded onto 1 kPa polyacrylamide gels. The  
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Figure 1-12: Schematic of the forces exerted during collective epithelial cell 
migration. 
After injury to an epithelium, fibronectin provides a temporary matrix for cells as they 
migrate over the wounded region (in pink). Coordinated sheet movement involves cells 
applying forces to the underlying substrate. As cells at the leading edge migrate, forces 
are exerted towards (black arrows) and away (yellow arrows) from the wound. Several 
rows back from the leading edge, cells also exert forces away from the wound (arrows 
within red box) and have a role in determining the direction of sheet migration.  
Adapted from: Khalil & Friedl, 2010. 
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results revealed that in a confluent monolayer of MDCK epithelial cells, forces of 
about 8 Pa were exerted many rows back from the leading edge which could 
potentially drive collective migration. While these numbers may seem small, cells 
even further from the edge exerted forces slightly above zero, indicating that 
these values cannot be attributed to random force fluctuations (Trepat et al., 
2009). Other groups have focused on determining force dynamics along the 
leading edge of migrating cells. Recent evidence indicates that there are 
additional forces involved in wound closure besides those pointing away from the 
leading edge. Brugues et al. (2014) seeded MDCK cells onto soft, collagen 
coated gels and when confluency was reached, the cells were ablated. Forces 
were examined using TFM and these data reveled that not only are forces 
pointing away from the leading edge, but forces are also directed towards the 
wound (Figure 1-12). As the wound closed, the tractions pointing towards it 
decreased. Furthermore, when observing forces further from the leading edge it 
was determined that these forces pointed away from the wound but were weak 
(Brugues et al., 2014). The above studies demonstrate that many factors are 
involved in successful sheet migration and that future research will further dissect 
the complexities of this process.  
 
1-5: Environmental Changes Affect the Stiffness of Basement Membranes 
and Tissues 
Effect of a chronic hypoxic environment in the cornea 
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 Cells exposed to a chronic hypoxic environment undergo physiological 
and cellular changes. For example, under hypoxic conditions, cellular metabolism 
is impaired in epithelial cells. One of the major effects of this impairment is the 
reduction of adenosine triphosphate (ATP) levels. Decreased production of this 
nucleotide has been associated with changes in mitochondrial function, due to 
the reduction of oxygen available to mitochondria (Frezza et al., 2011; A. Lee et 
al., 2014; R. H. Xu et al., 2005).  
 The cornea receives oxygen through diffusion from the environment and 
to function properly, it requires a 21% oxygenated (atmospheric) environment. 
However, it is a resilient tissue as it undergoes a daily switch between 21% and 
8% oxygen during the wake-sleep cycle (Smelser & Ozanics, 1952). In certain 
disorders, such as diabetes, herpes simplex virus infection, dry eye syndrome, 
and limbal stem cell deficiency, the cornea exists in a chronic hypoxic state, 
meaning that oxygen levels consistently remain below 8%. Decreased 
oxygenation has harmful effects on the function and physiology of the cornea 
(Hara, Shiraishi, & Ohashi, 2009; Teranishi, Kimura, Kawamoto, & Nishida, 
2008).  Research has shown that the barrier function of the corneal epithelium is 
disrupted by prolonged exposure to hypoxia. In rabbit corneas, hypoxia affected 
the integrity of tight junctions and the localization of zonula occludens-1 (ZO-1), a 
tight junction protein (Teranishi et al., 2008). In the corneal epithelium, low 
oxygenated environments may affect immune responses. Hara et al. (2009) 
demonstrated that under hypoxic conditions, the expression of toll-like receptor 4 
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(TLR4) was downregulated. This led to a reduction in nuclear factor kappa-light-
chain-enhancer of activated B cells (NFκB) expression, which significantly 
impaired the inflammatory response (Hara et al., 2009).  
Healthy, stable corneas are avascular and this permits the refraction of 
light through the lens to the retina. Therefore, the formation of blood vessels 
during injury or disease, leads to lack of transparency and vision loss. When the 
cornea is exposed to chronic hypoxia, there is an increase in the expression of 
angiogenic factors and factors involved in corneal inflammation. Upregulation of 
vascular endothelial growth factor (VEGF) in the corneal epithelium and stroma is 
associated with increased levels of hypoxia-inducible factor 1-α (HIF-1α), tumor 
necrosis factor-α (TNF-α) and interleukins (IL) -1α, 1β, 6, and 8. The increased 
expression of these angiogenic and inflammatory proteins leads to the 
generation of blood vessels in the cornea (Philipp, Speicher, & Humpel, 2000; 
Safvati, Cole, Hume, & Willcox, 2009). Hypoxic environments are known to 
negatively affect the wound healing response in the cornea. Data from our lab 
has shown that in corneal epithelial cells, hypoxia led to a reduction in ATP levels 
and decreased purinergic receptor-mediated calcium release. Additionally, the 
morphology of the leading edge was altered and complete wound closure after 
injury was delayed by up to 6 hours in corneas exposed to hypoxic conditions (A. 
Lee et al., 2014; A. Lee et al., 2018).     
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Changes in basement membrane stiffness in diabetic corneas 
 Diabetes mellitus is a chronic, metabolic condition that occurs when the 
pancreas does not produce enough insulin (Type 1) or when there is a loss of 
insulin sensitivity (Type 2). Diabetes is one of the major diseases that affects the 
health of the cornea and is the leading cause of blindness in American adults. 
The large increase in Type 2 diabetes is thought to be due to the increase in 
obesity in the population. Patients often present with diabetic keratopathy, 
corneal ulcers, and recurrent corneal erosion (Hatchell et al., 1983; Herse, 1988). 
Corneas of patients with diabetic keratopathy have impaired epithelial barrier 
function and wound healing, along with decreased adhesion of basal cells to the 
basement membrane (Friend & Thoft, 1984). Research conducted over the years 
has illuminated potential causes for the abnormal healing response and 
diminished cell attachment detected in diabetic corneas. In diabetic tissue, the 
epithelial basement membrane thickens and a reduplication of the membrane 
may occur (Azar et al., 1992; Herse, 1988; Ljubimov et al., 1996). Evidence 
shows that decreased cell adhesion could be due to the reduction in the number 
of hemidesmosomes formed between basal epithelial cells and the basal lamina 
(Azar et al., 1992). Thus, alterations in membrane thickness and composition are 
potential factors that contribute to improper healing in diabetic corneas. 
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1-6: Thesis Objectives 
 In certain corneal pathologies wound healing is impaired leading to 
incomplete wound closure, scarring, and potential blindness. Several conditions 
exhibiting delayed wound repair also present with a chronic hypoxic environment 
(e.g. diabetes, corneal infection, and corneal ulceration). Evidence has shown 
that hypoxia may lead to significant changes to the structure and function of the 
cornea. For example, in human diabetic corneas, there are alterations in cell 
attachment to membranes. It has also been shown that basement membranes 
are thicker and the expression of several basal lamina proteins are affected. Our 
lab, for instance, has recently shown an upregulation in heparan sulfate 
proteoglycans in corneas exposed to hypoxic conditions. Due to the changes in 
the basement membrane, it has been suggested that the rigidity of the 
membrane is altered. Alterations in membrane stiffness have the potential to 
affect focal adhesion dynamics and subsequent migration of epithelial cells 
exposed to chronic hypoxia.  
 The primary objectives of this study were: 1) to examine alterations in 
corneal wound healing in hypoxic cells and 2) to determine the effect that 
changes in basement membrane stiffness have on epithelial cell migration. We 
concentrated on evaluating the changes in corneal structure that may affect 
migration. In addition, we investigated specific factors in the migratory process 
that may be affected by changes in basal lamina stiffness. For this, we examined 
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alterations in focal adhesion protein dynamics in cells exposed to hypoxic 
conditions and in cells migrating on substrates of varying stiffness. 
 
Specific Aims 
Aim 1. Determine if the delayed rate of healing under hypoxic conditions is 
associated with alterations in basal lamina composition and focal adhesion 
protein expression 
To study the effect hypoxia has on cell migration after injury, we used 
organ culture and in vitro models. Using rat corneas exposed to hypoxic 
conditions, we examined the change in morphology of the leading edge of 
migrating epithelial cells, determined alterations in the expression and 
localization of basal lamina and focal adhesion proteins, and measured changes 
in basal lamina stiffness. In vitro experiments were conducted using human 
corneal limbal epithelial (HCLE) cells. In HCLE cells incubated under hypoxic 
conditions, changes in focal adhesion protein dynamics were investigated.   
 
Aim 2. Determine the effect that a change in basal lamina stiffness has on 
exerted traction forces and cell migration. 
Proper healing after injury requires successful sheet migration. To 
examine the effect that changes in substrate stiffness has on collective migration, 
we performed TFM. Using epithelial sheets from rat corneas, we took a novel 
approach and analyzed the directionality of sheet movement and the generation 
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of traction forces on polyacrylamide gels with two different stiffness values. To 
further assess sheet dynamics, we examined the activation and localization of 
focal adhesion proteins in HCLE cells seeded onto soft and rigid surfaces.   
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CHAPTER TWO: Materials and Methods 
 
Antibodies 
The following antibodies were purchased from Sigma Aldrich (St. Louis, MO): 
anti-Vinculin monoclonal mouse antibodies (clone hVIN-1, catalog #V9264), anti-
phospho-Vinculin (pTyr822) polyclonal rabbit antibodies (catalog #V4889-1VL), 
anti-β-actin monoclonal mouse antibodies in ascites fluid (clone AC-15, catalog 
#A5441), anti-Fibronectin monoclonal mouse antibodies (clone FN-3E2, catalog 
#F6140), anti-Talin monoclonal mouse antibodies in ascites fluid (clone 8d4, 
catalog #T3287), and anti-Laminin-5 (γ2 chain) monoclonal mouse antibodies 
(clone D4B5, catalog # MAB19562). Anti-Vinculin (pTyr1065) phosphospecific 
unconjugated polyclonal rabbit antibodies (catalog #44-1078G), anti-phospho-
Paxillin (pTyr118) polyclonal rabbit antibodies (catalog #2541S), Alexa Fluor 488 
goat anti-rabbit IgG (H+L) (catalog #A11008), and Alexa Fluor 633 goat anti-
mouse IgG (H+L) (catalog #A21050) were obtained from Thermo Fisher 
Scientific (Cambridge, MA). E-Cadherin (24E10) polyclonal rabbit antibodies 
(catalog #3195S) and anti-phospho-Src (pTyr416) (D49G4) polyclonal rabbit 
antibodies (catalog #6943S) were purchased from Cell Signaling Technologies 
(Danvers, MA). Anti-Syndecan-1 (N-18) polyclonal goat antibodies (catalog #sc-
7100), anti-c-Src (N-16) polyclonal rabbit antibodies (catalog #sc-19), and anti-c-
Abl (K-12) rabbit polyclonal antibodies (catalog #sc-131) were acquired from 
Santa Cruz Biotechnology (Dallas, TX). Anti-Paxillin monoclonal mouse 
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antibodies (catalog #610052) were purchased from BD Transduction 
Laboratories (San Jose, CA).  
 
Reagents 
Human plasma fibronectin purified proteins (catalog #FC010-10MG) and 
hydrochloric acid (catalog #109057) were purchased from EMD Millipore 
Corporation (Temecula, CA). Collagen from human placenta (Bornstein and 
Traub Type IV, catalog #C5533-5MG), Temed (N,N,N’,N’-
Tetramethylethylenediamine, catalog #T9281), HEPES 1M solution (catalog 
#H0887), and Ponceau S (catalog #P3504) were obtained from Sigma Aldrich 
(St. Louis, MO). The following were purchased from Thermo Fisher Scientific 
(Cambridge, MA): Rhodamine Phalloidin (catalog #R415), Opti-MEM I (1X) 
(catalog #31985-070), Lipofectamine 2000 Reagent (catalog #11668-019), 
FluoSpheres sulfate 1.0 µm fluorescent microspheres, yellow-green (505/515 
excitation) (catalog #F8852), and Bicinchoninic Acid assay (catalog #23227). 
Keratinocyte serum-free medium (K-SFM) 1X (catalog #10724-011), human 
recombinant Epithelial Growth Factor (EGF, catalog #10450-013), Bovine 
Pituitary Extract (catalog #13028-014), and Amphotericin B (Fungizone, catalog 
#15290-018) were purchased from GIBCO (Grand Island, NY). Penicillin-
Streptomycin (catalog #30-002-CI) and Dulbecco’s modified Eagle’s medium 
(DMEM) with 1 g/L glucose (catalog #10-014-CV) were acquired from Cellgro 
(Herndon, VA). VectaSHIELD Antifade Mounting Medium with DAPI (catalog #H-
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1200) was purchased from Vector Laboratories (Burlingame, CA). Sulfo-
SANPAH crosslinker (sulfosuccinimidyl 6-[4′-azido-2′-nitrophenylamino] 
hexanoate, catalog #c1111-100mg) was obtained from ProteoChem (Hurricane, 
UT). 40% w/v Acrylamide solution (catalog #161-0140) and 2% Bis solution 
(catalog #161-0142) were purchased from Bio-Rad Laboratories (Hercules, CA). 
Plasmid mCherry Vinculin-red fluorescent protein was obtained from AddGene 
(Cambridge, MA). Dispase II neutral protease (catalog #165 859) was purchased 
from Roche (Indianapolis, IN).  
 
Cell Culture 
HCLE cells were cultured in K-SFM supplemented with 0.5% amphotericin B, 
0.02 nM EGF, 25 µg/mL bovine pituitary extract, 0.03 mM CaCl2, 100 U/mL 
penicillin, and 100 µg/mL streptomycin. Cells were passaged when 80-95% 
confluent and split at 1:5. Cells were plated at a density of 80-100 cells/mm2 on 
FBS-coated 22 mm square glass coverslips #1.5 (Thermo Fisher Scientific) or 
plated at 50-75 cells/mm2 on fibronectin- or collagen Type IV-coated 
polyacrylamide gels (Matrigen, Brea, CA) and glass bottom microwell dishes 
(MatTek Corporation, Ashland, MA). For scratch wounding, live cell imaging, and 
hypoxia experiments, growth media was removed 16 hours prior to 
experimentation and replaced with supplement-free K-SFM. For experiments 
involving hypoxic conditions, HCLE cells were incubated under hypoxia for 1, 4, 
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18, or 24 hours while control samples were incubated under normoxic conditions 
for equivalent lengths of time. 
 
Organ Culture 
Rat corneas were dissected and cultured as previously described (Gordon et al., 
2010; A. Lee et al., 2014). Rats (Charles River labs, Wilmington, MA) were 
euthanized, a 3 mm-diameter demarcation was made in the center of the 
corneas using a trephine, and the epithelium was abraded (Figure 2-1). Briefly, 
eyes were placed into ice cold DMEM and HEPES-buffered saline (10 mM 
HEPES, pH 7.5, 137 mM NaCl, 3 mM CaCl2, 4 mM MgCl2, 5 mM KCl, 25 mM 
glucose). Corneas and adjacent 2 mm of sclera tissue were removed. A solution 
of warm DMEM containing 0.75% low melt agar was added to the posterior 
region of each cornea, allowing the cornea to maintain its curvature as the agar 
hardened and formed a dome. Corneas were placed anterior side up onto dishes 
and DMEM was added until the apical surface of the scleral rim was covered, 
allowing the epithelium to remain exposed to air and the environment. DMEM 
was periodically added dropwise onto the epithelium to prevent the tissue from 
drying out.  
 
Hypoxic incubation 
HCLE cells or organ cultures were incubated under hypoxia (1% O2, 5% CO2, 
and 94% N2) using a hypoxic chamber (New Brunswick Scientific, Enfield, CT) for  
 54 
 
 
 
Figure 2-1: Diagram of ex vivo organ culture procedure. 
Three millimeter-diameter demarcations are made in the center of rat corneas and the 
epithelium is abraded, as depicted by the peach color in the above image. Corneas are 
dissected with 2 mm of the scleral rim intact. After fixation, radial sections are made (as 
shown with black lines) to perform immunohistochemistry.  
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1, 4, 6, 18, and 24 hours. Control cells and cultures were incubated in a normoxic 
environment (21% O2, 5% CO2, and 74% N2) for equivalent lengths of time. 
 
Immunofluorescence and Confocal Microscopy 
HCLE cells or organ cultures were fixed with freshly prepared 4% 
paraformaldehyde in PBS (137 mM NaCl, 2.7 mM KCl, 1.8 mM KH2PO4, and 
Na2HPO4) for 10 minutes (cells) or for 30 minutes (organ cultures) at room 
temperature. Corneas were sectioned radially with a sterile razor blade under a 
dissection microscope. For immunofluorescence staining, cells or tissues were 
permeabilized for 5 minutes with 0.1% v/v Triton X-100 in PBS and blocked for 3 
hours at room temperature with 4% BSA in PBS. Samples were incubated in 
primary antibody solutions overnight at 4ᵒC, washed, then incubated in Alexa 
Fluor- conjugated secondary antibodies (1:100) (Thermo Fisher Scientific) in 1% 
BSA in PBS for 1 hour at room temperature. Samples were counterstained with 
rhodamine phalloidin (1:50) (Thermo Fisher Scientific) to visualize F-actin. Cells 
or tissues were washed with PBS then mounted using VectaSHIELD with DAPI 
(Vector Labs). Images were taken on a Zeiss LSM 700 confocal microscope 
(Zeiss, Thornwood, NY) using either a 40x oil or 63x oil objective. Negative 
controls (samples probed with secondary antibodies only) were used to set the 
gain of the laser and experimental samples were imaged at the same gain. The 
pinhole size was kept at 1 Airy Unit across all images. Images were obtained 
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using Zen Black Edition software (Zeiss, Thornwood, NY) and analyzed further 
using FIJI/Image J (NIH, Bethesda, CA). 
 
Live Cell Imaging of HCLE Cells 
Polyacrylamide gels of different stiffness values (Matrigen) were coated with 0.2 
mg/mL fibronectin or 0.8 mg/mL collagen Type IV in sterile water for 1 hour at 
room temperature. Gels were washed with PBS and blocked for 1 hour in 3% 
BSA in PBS. Cells were seeded onto gels at a density of 50-60 cells/mm2 and 
cultured in K-SFM, which was supplemented with 30 µg/mL bovine pituitary 
extract, 0.032 nM EGF, and 100 µ/mL penicillin-streptomycin. HCLE cells were 
incubated under normoxic or hypoxic conditions for 4 or 24 hours. Growth media 
was removed 16 hours prior to experimentation and replaced with medium 
lacking EGF and bovine pituitary extract (Lee et al., 2014; Minns et al., 2016). 
Live cell imaging was performed on subconfluent cells using an Axiovert 200M 
Zeiss LSM 510 laser scanning microscope or a Zeiss LSM 880 confocal 
microscope. Images were taken every 5 minutes for 1, 2, or 4 hours and analysis 
was conducted using FIJI.  
 
Live Cell Imaging of Vinculin 
HCLE cells were plated at a density of 60-75 cells/mm2 onto glass bottom 
microwell dishes (MatTek Corporation, Ashland, MA) coated with 0.2 mg/mL 
fibronectin or 0.8 mg/mL collagen Type IV in sterile water. Upon reaching 75% – 
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80% confluency, cells were washed with PBS and transfected with plasmid 
mCherry Vinculin-red fluorescent protein using OptiMem I (1X) and 
Lipofectamine 2000 Reagent. HCLE cells were grown to confluence and growth 
supplements were removed 18 hours prior to experimentation. Scratch wound 
assays were performed and cells were imaged on a Zeiss LSM 880 confocal 
microscope equipped with an environmental chamber (35ᵒC, 5% CO2), with the 
confocal pinhole set to 2.8 Airy units. To examine the migration of live cells, 
images were taken at 5 minute intervals for 1 hour. Five separate regions were 
imaged in parallel for each dish and three independent experiments were 
performed. Images were analyzed using FIJI.  
 
Western Blot Analysis  
HCLE cells were grown to confluence on 0.2 mg/mL fibronectin and 0.8 mg/mL 
collagen Type IV-coated polyacrylamide gels. Cells were washed twice with ice-
cold PBS and lysed in RIPA buffer (10mM Tris-HCl, pH 7.5, 1% Triton X-100, 
0.1% SDS, 150 mM NaCl, 0.5% sodium deoxycholate, 1mM 
phenylmethylsulfonylfluoride (PMSF), 1mM EDTA, 1mM EGTA, 1mM sodium 
orthovanadate and protease inhibitors). Lysates were homogenized, centrifuged 
for 10 minutes at 11,000 g, and supernatants were collected. Protein 
concentration was determined using the bicinchoninic acid assay (Thermo Fisher 
Scientific). Protein samples were boiled in 5x Laemmli sample buffer (Laemmli, 
1970) for 10 minutes and SDS-PAGE gels were loaded with equivalent protein. 
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Proteins were separated via 10% SDS-PAGE using a Tris/glycine/SDS buffer. 
Separated proteins were then transferred to a nitrocellulose membrane in 
Tris/glycine buffer. Membranes were stained with the reversible Ponceau S dye 
(0.1% w/v Ponceau S dye in 5% v/v acetic acid solution) for 10 minutes to 
determine the total protein and transfer quality. Once imaged, membranes were 
rinsed with Milli-Q water, incubated in 5% BSA in TBS for 1 hour at room 
temperature, then probed with a specific primary antibody overnight at 4ᵒC. 
Membranes were blocked with 5% BSA in 10 mM Tris buffer (pH 7.5) for 1 hour. 
Membranes were washed extensively and probed with specific horseradish 
peroxidase-conjugated secondary antibodies for 1 hour at room temperature and 
washed again prior to imaging. Bands were visualized by incubating membranes 
in a chemiluminescent agent (Denville Scientific, Metuchen, NJ) for one minute at 
room temperature then exposing membranes to light-sensitive CCD camera (Bio-
Rad). If necessary, membranes were stripped of antibodies through incubation in 
TBS with 2-mercaptoethanol (βME) at 50ᵒC for 20 minutes. Using FIJI, proteins 
were quantified by measuring band intensity and normalized to β-actin on the 
same membrane.   
 
Traction Force Microscopy (TFM) and Analysis 
Activation of Coverslips 
Round 30 mm glass coverslips #1.5 (Warner Instruments, Hamden, CT) were 
placed in a plasma cleaner (Harrick Plasma, Ithaca, NY) for 2 minutes to remove 
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all material from the surfaces. The surface of each coverslip was then coated 
with 5% 3-aminopropyl triethoxysilane in ethanol (3-APTES, Sigma Aldrich) and 
allowed to air dry for 5 minutes. Coverslips were washed 3 times with distilled 
water before incubating in 0.5% glutaraldehyde in PBS (pH 7.4) for 30 minutes. 
Coverslips were rinsed 4 times with distilled water and stored in PBS with 2% 
penicillin-streptomycin at 4ºC until needed. 
 
Preparation for Epithelial Sheet TFM Experiments 
Polyacrylamide gels were made to have a Young’s modulus of 8 kPa and 30 kPa 
(Kraning-Rush et al., 2012). To prepare the gel solution, 40%w/v acrylamide, 2% 
bis acrylamide, 10x PBS, and distilled water were mixed and left at room 
temperature for 10 minutes to allow the solution to de-gas. Temed, HCl 1.0 N, 
and 100 mg/mL of ammonium persulfate (APS) in PBS were added. Forty µL of 
gel solution were added to an activated coverslip and left at room temperature for 
45 minutes to allow gels to harden. Gels were incubated overnight at 4ºC in PBS 
and 2% penicillin-streptomycin. Sixteen to twenty four hours later, gels were 
washed with PBS then incubated with Sulfo-SANPAH (with 2% v/v DMSO) 
(ProteoChem) in 0.1 M HEPES/sterile water for 10 minutes under UV light. Gels 
were incubated for 1 hour at room temperature in a solution containing 1.0 µm 
fluorescent microspheres (505/515 excitation) (Thermo Fisher Scientific) in sterile 
water. Gels were incubated with 0.2 mg/mL of fibronectin in PBS overnight at 4ºC 
and 24 hours later, gels were again coated with Sulfo-SANPAH, fluorescent 
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beads, and fibronectin. Gels were kept in sterile PBS with 2% Fungizone and 
stored at 4ºC for 5-7 days before use. 
 
Adhesion and Imaging of Epithelial Sheets  
To prepare the epithelial sheets, rats were euthanized and corneas were 
removed and washed in PBS containing 10% penicillin-streptomycin. Corneas 
were incubated for 35 minutes in a solution of DMEM and 1.2 U/mL of Dispase II 
(Roche). Epithelial sheets were removed from the basement membrane 
(Trinkaus-Randall & Gipson, 1984). Sheets were placed onto fibronectin-coated 
beaded gels and spread using surface tension with the addition of growth media. 
Gels were placed on the stage of a Zeiss LSM 880 confocal microscope within 
an environmental chamber (35ºC, 5% CO2) and imaged every 10 minutes for 12 
hours. Both phase contrast and fluorescent images were collected at every 
frame. A minimum of five sheets were imaged per experiment and z-stacks were 
obtained for each region.  
 
Analysis of epithelial sheets 
To determine the directionality of the forces exerted during epithelial sheet 
movement, the displacements of fluorescent beads were tracked using FIJI. The 
X and Y coordinates of individual beads were obtained at specific time points 
throughout the experiment. The entire leading edge (10 rows of cells) and back 
from the edge (beginning 20 cell rows away from the leading edge) were 
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analyzed. Overall bead movement was shown through direction vectors. Fourier 
transform traction cytometry (FTTC) analysis was employed to determine the 
forces exerted between epithelial sheets and the underlying substrates. FTTC 
analyzes the fluorescent images obtained during each experiment. The 
fluorescent beads (conjugated to gel surfaces) shift from their original positions 
as sheets migrate over them. The amount of force required to cause the 
displacement of beads is calculated via FTTC. 
 
Statistical Analysis 
Data shown as mean ± SEM of at least three independent experiments. 
Statistical significance was determined by two-way analysis of variance (ANOVA) 
or unpaired, one-tailed t-test using GraphPad Prism 7 (GraphPad Software, San 
Diego, CA).     
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CHAPTER THREE: Cellular Traction Forces and Directionality of Epithelial 
Cell Migration Are Affected by Alterations in Substrate Stiffness  
 
3-1: Introduction 
 The goal of this study was to determine how alterations in substrate 
stiffness affect collective epithelial cell migration, cellular traction forces, and 
focal adhesion dynamics after corneal injury. Three model systems – multi-
layered epithelial sheets, cell monolayers, and 3-D organ cultures – were used. 
To study whether alterations in membrane stiffness affect collective cell 
migration, traction force microscopy (TFM) was performed using rat corneal 
epithelial sheets. Traction forces and directionality of cell movement were 
analyzed in epithelial sheets cultured on 8 and 30 kPa polyacrylamide substrates 
containing 1 µm fluorescent beads. To examine changes in vinculin dynamics 
with increased substrate stiffness, human corneal limbal epithelial (HCLE) cell 
monolayers were cultured and wounded on fibronectin (FN)-coated 8 and 50 kPa 
polyacrylamide gels. In addition, organ culture models were employed to 
determine vinculin localization in rat corneas, 4 and 18 hours after injury. 
 
3-2: Results 
Corneal epithelial sheets contract prior to migration 
Cells exert traction forces during migration and the amount of force 
generated is affected by the rigidity of the underlying substrate (Peyton et al., 
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2007; Roca-Cusachs et al., 2012). TFM experiments were conducted using 
epithelial sheets seeded onto soft (8 kPa) and stiff (30 kPa) substrates. Rat 
corneas were dissected and the epithelium was removed. Epithelial sheets were 
placed onto FN-coated 8 and 30 kPa polyacrylamide gels with fluorescent 1.0 µm 
beads conjugated to the surfaces. Gels were placed into the environmental 
chamber (35ºC, 5% CO2) on an 880 Zeiss Confocal microscope. Epithelial 
sheets were imaged every 10 minutes for 12 hours. Upon examination of the 
leading edges, it was evident that sheets contracted before initiating forward 
migration over the substrate. This contraction was detected on both 8 and 30 kPa 
substrates. On the 8 kPa substrates, epithelial sheets contracted for the first 6 to 
7 hours of experimentation, while contraction on 30 kPa substrates occurred for 2 
to 3 hours before forward migration began (Figure 3-1A). After contraction, 
forward movement then continued through the remainder of experimentation. 
White dotted lines in Figure 3-1A denote the initial position of each epithelial 
sheet.  
The results suggest that two phases of movement occur during corneal 
epithelial migration and this indicates that different cell populations are involved. 
During sheet contraction, basal cells may have a primary role in dictating 
movement at the leading edge since these cells adhere to the substrate and 
undergo contraction. Cells located on the apical surface of the epithelium may 
play an important role in forward sheet movement. The images generated from 
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Figure 3-1. Corneal epithelial sheets contract prior to migration.  
Epithelial sheets were removed from rat corneas and placed onto fibronectin-coated 8 
and 30 kPa polyacrylamide gels. Phase contrast and fluorescent images of epithelial 
sheets were taken every 10 minutes for 12 hours using the 10x objective on a Zeiss 
LSM 880 confocal microscope. Representative images shown. A minimum of 5 epithelial 
sheets were imaged per experiment. Data represent a minimum of 6 independent 
experiments. A. The initial phase of sheet migration involves contraction of the leading 
edge. Images of the initial (t=0 hours), furthest contracted, and final positions (t=12 
hours) of epithelial sheets are shown. Dotted lines mark the location of the leading edge 
at t=0. Scale bar is 200 µm. B. Close up of the leading edge of an epithelial sheet on an 
8 kPa substrate at t=6.5 hours (contraction). For inset (image on the right), dotted 
bracket indicates the apical epithelial cells involved in forward sheet migration. White 
arrows denote the basal epithelial cells adherent to the substrate. Scale bar for image on 
left is 200 µm; Scale bar for inset is 100 µm. Hrs, hours.  
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Figure 3-1A experiments revealed that after basal cells along the leading edge 
contracted, apical cells then streamed forward, initiating migration. Figure 3-1B 
shows a close up of migrating apical cells (within dotted bracket) and basal cells 
(arrows) at the leading edge of an epithelial sheet on an 8 kPa substrate.  
To analyze the changes in force exerted under the epithelial sheet, we 
performed FTTC analysis on the fluorescent images from each experiment. The 
images give information on the change in bead position over time as sheets 
migrate over the substrate. The distance a bead is displaced from its initial 
position correlates to the amount of force exerted on the bead by cells during 
migration. Since it was determined that corneal epithelial sheets migrate in 2 
phases, the analysis was divided into 2 groups. In group 1, traction forces were 
analyzed as sheets contracted from their initial (t=0 hours) position. On 8 kPa 
substrates, sheets contracted for about 6.5 hours, so forces were examined from 
t=0 to t=6.5 hours. On the 30 kPa substrates, sheet contraction took less than 3 
hours, therefore, traction forces were measured from the t=0 to t=2.5 hour time 
point. For group 2, forces were measured as sheets migrated forward from their 
furthest point of contraction to their final position at the end of the experiment 
(t=12 hours). Traction forces were calculated from t=6.5 to t=12 hours for sheets 
on 8 kPa substrates and from t=2.5 to t=12 hours for sheets on 30 kPa 
substrates.    
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Figures 3-2A and 3-2B show representative images and results of this 
analysis. Phase contrast images are shown (Figure 3-2A and 3-2B, left panel), 
with the white dotted line outlining the epithelial sheet boundaries. For the 
contraction phase of migration (Figure 3-2A), the forces on 8 kPa substrates 
ranged from 0.2 x 10-9 to 3.5 x10-9 tPa (Figure 3-2A, top row, right). The 
‘unconstrained tractions’ image shows the traction forces applied to the entire 
substrate, regardless of the boundary of the epithelial sheet. The strongest forces 
(black arrows) are exerted away from the leading edge, indicating that these cells 
exert greater force as sheets contract. This suggests that cells away from the 
edge may behave as tethers and enable the sheet to generate enough force to 
move over the softer substrate. Forces are detected underneath basal cells along 
the leading edge (red arrows) but do not attain the values measured distal to the 
edge (Figure 3-2A, top row, right). On the 30 kPa substrates, forces ranged from 
2 x 10-10 to 18 x 10-10 tPa (Figure 3-2A, bottom panel, right), but localization of 
forces differed from those generated on the softer substrate. On the stiffer 
substrate, forces are measured at the leading edge (red arrows) and several 
rows back. In contrast, less force was exerted at the center of the sheet (black 
arrows). Together these results indicate that on stiffer surfaces, cells back from 
the edge may not need to adhere as tightly to the substrate in order to generate 
enough force for sheet migration. The forces exerted by basal cells at the leading 
edge may be enough to influence the direction of sheet movement.  
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Figure 3-2. Alterations in substrate stiffness affect the localization of cellular 
traction forces applied by epithelial sheets on 8 and 30 kPa substrates.  
Epithelial sheets were removed from rat corneas and placed onto fibronectin-coated 8 
and 30 kPa polyacrylamide gels with 1.0 µm fluorescent beads conjugated to the 
surfaces. Phase contrast and fluorescent images were taken every 10 minutes for 12 
hours using the 10x objective on a Zeiss LSM 880 confocal microscope. Minimum of 5 
epithelial sheets were imaged per experiment. Representative images shown. Traction 
force analysis was performed using FTTC. A-B. Left panels represent phase contrast 
images of sheets at the furthest point of contraction (A) and at the final frame of imaging 
(B). Right panels provide color-coded intensities of traction forces applied to gels. Dotted 
lines mark sheet boundaries. tPa is terapascal. Scale bar is 400 µm. A. During 
contraction, epithelial sheets on 8 kPa substrates exhibit greater force away from the 
leading edge, while forces are strongest at the leading edge on 30 kPa substrates. Black 
arrows indicate forces back from the leading edge. Red arrows indicate forces along the 
leading edge. B. During forward migration, forces are applied more uniformly beneath 
epithelial sheets on 8 kPa substrates. Red arrow (30 kPa image) indicates region along 
the leading edge where low force was exerted. C. Displacement vectors were obtained 
to analyze epithelial sheet movement. Inset shows vectors (white) within a region of an 8 
kPa gel. Scale bar is 400 µm. 
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Traction forces exerted by epithelial sheets in the forward phase of 
migration were determined (Figure 3-2B). On the 8 kPa substrates, a greater 
force was applied by the epithelial sheet during forward migration in comparison 
to the forces exerted as cell sheets contracted (Figure 3-2B, top panel, right). 
The greater force is indicated by the color-coded intensity present in the image. 
In addition, forces were exerted more uniformly beneath the sheet in the forward 
phase of migration. These data indicate that the entire sheet exerted a force on 
the substrate during forward movement (Figure 3-2B, top panel, right). In 
contrast, on the 30 kPa substrates, the amount of force applied by apical cells at 
the leading edge during forward migration was less than the amount exerted by 
basal cells during sheet contraction (Figure 3-2A and 3-2B, bottom panel, right). 
In fact, in some areas the forces were less than 0.5 x10-9 tPa (red arrow; Figure 
3-2B, bottom panel, right). Stronger forces were detected towards the center of 
the sheet compared to the forces detected during the contraction phase of 
migration. Data from the 30 kPa studies imply that cells back from the leading 
edge form stronger attachments to the substrate as apical cells move forward 
and initiate migration.  
To further examine the dynamics of epithelial sheet migration, the 
movement of individual cells within the sheets was analyzed. Our goals were to: 
1) determine the correlation between exerted traction forces and cell movement 
within the sheet and 2) examine differences in the directionality of cell movement 
on the 2 substrates of differing stiffness. In TFM analyses, displacement vectors 
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are generated to indicate the direction of exerted traction force and the direction 
of individual cell movement. Here, since the displacement values were small it 
was difficult to generate vectors. Figure 3-2C shows an inset of a specific area on 
an 8 kPa substrate. The white dots and lines represent displacement vectors 
throughout the region. Based on this image, it would be difficult to properly 
quantify changes occurring during migration, therefore, we employed another 
approach to track individual beads.  
To determine changes in the directionality of applied forces and in the 
movement of individual cells within sheets, we manually examined the positional 
shifts of fluorescent beads conjugated to the gel surfaces. As with the 
experiments conducted in Figure 3-2, changes in bead position (displacement) 
were analyzed in 2 groups. In group 1, bead displacement was measured as the 
epithelial sheet migrated from the initial (t=0 hour) position to its furthest point of 
contraction (t=6.5 hours for 8 kPa and t=2.5 hours for 30 kPa substrates). Group 
2 analysis measured changes in bead displacement as the epithelial sheet 
migrated forward from the furthest contraction point (t=6.5 hours for 8 kPa and 
t=2.5 hours for 30 kPa substrates) to the final location (t=12 hours).  
In Figure 3-3A, representative fluorescent images show 1.0 µm beads 
conjugated to the surface of a FN-coated 8 kPa substrate. In the left panel, the 
top image represents the color-coded displacement field at the leading edge of 
an epithelial sheet (dotted line). Bottom insets depict close-ups at the leading 
edge and back from the edge (Figure 3-3A). Images portray bead displacement  
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Figure 3-3. Cells within corneal epithelial sheets exhibit differences in movement 
during collective migration on 8 and 30 kPa substrates.  
Epithelial sheets were removed from rat corneas and placed onto fibronectin-coated 8 
and 30 kPa polyacrylamide gels. Images were taken every 10 minutes for 12 hours 
using the 10x objective on a Zeiss LSM 880 confocal microscope. A minimum of 5 
epithelial sheets were imaged per experiment. A. Bead displacement was measured 
over the course of the experiment. Top panels show bead displacement at the leading 
edge (dotted line) of an epithelial sheet on an 8 kPa substrate (left) and in an area of the 
gel not covered by the cell sheet (right). Higher magnification close-ups (bottom panels) 
show representative examples of bead displacement over time for the positions and 
conditions indicated. Images from different time points are color-coded to show initial 
position (t = 0 hrs, green), position at the furthest point of sheet contraction (t = 6.5 hrs 
for 8 kPa and 2.5 hrs for 30 kPa, red), and final position at the end of acquisition (t = 12 
hrs, blue). White color results from the overlay of red, green and blue signals.  
Scale bar equals 10 µm for the top and 4 µm for the bottom panels. B. Image shows the 
leading edge of an epithelial sheet (dark gray) on an 8 kPa substrate. Green dots 
indicate fluorescent 1.0 µm beads conjugated to the gel surface. Beads that were 
analyzed are labelled alphabetically. Red lines represent the amount (µm)) and the 
direction that beads shifted as the epithelial sheet contracted. Yellow lines represent 
bead displacement as the sheet migrates forward from its most contracted to final 
position. Scale bar is 20 µm. C. Cells within epithelial sheets exhibit greater differences 
in movement on 30 kPa substrates. Displacements in bead position were analyzed and 
results are shown. Black arrows denote the direction of epithelial sheet movement. 
Green arrows indicate direction and amount of bead displacement. Analysis was 
conducted using FIJI. Scale bar is 200 µm. D. During sheet contraction, bead 
displacement is greatest away from the leading edge on both 8 and 30 kPa substrates. 
During forward migration, displacement is greater on 30 kPa substrates. Average bead 
displacement per hour is greatest on 30 kPa substrates at the leading edge and away 
from the edge. Total bead displacement (ΔZ) was obtained by measuring the change in 
X and Y coordinates of individual beads throughout the course of experimentation. 
Analysis was performed using FIJI. LE, leading edge; BE, back from the leading edge.  
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as epithelial sheets contracted and migrated. Images show the initial (t=0 hrs) 
bead position (green), the position during furthest point of sheet contraction (red), 
and the final (t=12 hrs) bead position (blue). Perpendicular bead displacements 
(in comparison to the direction of sheet migration) were detected at the leading 
edges and back from the edges on 8 and 30 kPa substrates, respectively (Figure 
3-3A). In the right panel, the top image represents a displacement field and the 
bottom inset shows a zoomed in region. White dots indicate the initial, furthest 
contracted, and final bead locations. The white color is due to the combination of 
green, red, and blue colors. No bead displacements were detected since 
epithelial sheet migration did not occur in these regions (Figure 3-3A). 
The representative image in Figure 3-3B shows the leading edge of an 
epithelial sheet (dark gray) on a FN-coated 8 kPa gel. Green dots throughout the 
image indicate individual fluorescent beads. The distance each bead shifted as 
the epithelial sheet moved over it was determined by obtaining the X and Y 
coordinates of a beads position. From these coordinates, the Z value (ΔZ), 
indicating overall bead displacement, was calculated at each time point. In Figure 
3-3B, red lines extending from beads represent the distance that bead was 
displaced when the leading edge migrated from its initial position to its furthest 
contracted position. The yellow lines track positional displacements when the 
epithelial sheet moved from its contracted to final position. Black arrows denote 
the overall direction of bead shifting. 
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Greater individual cell movement within epithelial sheets on stiff substrates 
When examining migration dynamics using FTTC, we must take into 
account that the analysis is based on averages. The analysis divides each image 
into grids and averages the changes in force and cell movement within that grid. 
The manual analysis provides us with the opportunity to determine changes in 
individual cells and create smaller regions of interest to analyze. 
The positional displacements of beads located underneath the leading 
edges and back from the edges were analyzed. Beads located beneath cells that 
are 20 rows or more away from the leading edge are considered to be back from 
the edge. Representative images of epithelial sheets on 8 and 30 kPa substrates 
are shown (Figure 3-3C). In each region, green arrows indicate the direction of 
bead displacement and the arrow size (in microns) indicates the total bead 
displacement. Black arrows denote the direction of epithelial sheet migration. 
Analysis of single beads indicates that on 8 kPa substrates, beads shifted 
perpendicularly to the direction of sheet movement (green arrows; Figure 3-3C, 
top row, left). Also, individual displacement was lower in cells along the leading 
edge compared to those further back from the edge. Table 1 of Figure 3-3D 
shows total displacement in a sampling of beads. From the change in X and Y 
positions, the overall bead displacement (ΔZ) was calculated. This analysis 
shows that on 8 kPa substrates, greater bead displacement occurred back from 
the leading edge, with beads shifting an average of 7.23 µm compared to 4.55 
µm at the leading edge (Figure 3-3D, Table 1). The larger displacement back 
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from the edge indicates that a greater amount of force was applied to the beads 
by cells located in this region. This data correlates with results from Figure 3-2A 
(top row, right), where the strongest forces applied to the substrate occurred 
underneath cells located away from the leading edge (black arrows; Figure 3-2A, 
top row, right).  
Next, the direction of bead displacement on 30 kPa substrates was 
analyzed. As epithelial sheets contracted, beads along the leading edge shifted 
parallel to sheet migration (green arrow; Figure 3-3C, bottom row, left). Away 
from the leading edge, beads shifted either parallel or perpendicular to the 
direction of sheet movement (green arrows; Figure 3-3C, bottom row, left). The 
total bead displacement (ΔZ) on 30 kPa substrates was calculated. At the leading 
edge, beads shifted an average of 7.84 µm, while away from the edge the 
average displacement was 9.4 µm (Figure 3-3D, Table 1).    
Changes in bead displacement were measured as epithelial sheets 
migrated forward from the contracted position. On 8 kPa substrates, 
perpendicular displacements were again detected along the leading edge (Figure 
3-3C, top row, right). However, back from the edge, beads shifted parallel to 
sheet movement. The total displacement values were similar within the two 
regions, with beads shifting 1.96 µm and 2.21 µm at the leading edge and away 
from the edge, respectively (Figure 3-3D, Table 2). With increased substrate 
stiffness, the direction and values of bead displacement differed from what was 
observed on the 8 kPa substrates. Beads at the leading edge shifted parallel or 
 80 
 
opposite to the direction of sheet movement (Figure 3-3C, bottom row, right). 
While away from the leading edge, beads moved perpendicular or opposite to 
sheet movement. During the forward phase of epithelial sheet migration, beads 
shifted over 3 times farther on the stiffer substrates, and displacement was 
greatest back from the leading edge (Figure 3-3D, Table 2). The average bead 
displacement per hour was determined (Figure 3-3, Table 3). During the 
contraction phase, displacement was 3 – 4 fold greater on 30 kPa substrates 
both at the leading edge and away from the edge. During forward sheet 
migration, the displacement per hour was 2 fold greater on the stiffer substrates 
(Figure 3-3, Table 3). 
Overall, these data indicate that as epithelial sheets contract on 8 kPa 
substrates, individual cells within the sheet exhibit mostly perpendicular 
movements, causing the displacement of underlying beads. On 30 kPa 
substrates, movement was less uniform within the sheets and bead displacement 
was greater during both phases of epithelial sheet migration (Figures 3-3C and 3-
3D).  
 
Vinculin pY1065 and vinculin pY822 are actively involved in epithelial cell 
migration after injury  
A 3-D organ culture model was used to examine changes in vinculin 
localization after corneal injury (Figure 3-4). Corneal abrasions were performed 
on rat corneas. The corneas were then placed in organ culture for 4 and 18  
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Figure 3-4. Vinculin pY1065 and vinculin pY822 are actively involved in epithelial 
cell migration after injury.  
A-C. Epithelial abrasions were made and corneas were incubated for 4 or 18 hours after 
injury. Corneas were fixed and immunofluorescence was performed. Images were 
obtained using the 40x magnification on a Zeiss Axiovert LSM 700 confocal microscope. 
Arrows indicate protein localization to the basal surface of the epithelium. *, wound edge. 
Data represents a minimum of 3 independent experiments. Scale bar is 50 µm. A. 
Vinculin localizes to cell membranes and along the basal surface of the migrating 
epithelium. Total vinculin is green. B. Vinculin pY1065 is prominently expressed along the 
basal surface after injury. Vinculin pY1065 is green. C. Vinculin pY822 is punctate 
throughout the epithelium 18 hours after injury. Vinculin pY822 is green. D. Corneal 
epithelial cells migrate over the stroma after removal of the basal lamina. Keratectomies 
were performed on rat corneas, exposing the stroma. Corneas were incubated for 4 
hours after injury and fixed. Cultures were immunostained for vinculin pY1065 (green) 
and counterstained with rhodamine phalloidin (red). Images were obtained using the 40x 
magnification on a Zeiss Axiovert LSM 700 confocal microscope. Scale bar is 50 µm.  
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hours. The time points were chosen to represent the early and late stages of 
wound healing. Corneas were fixed and stained for total vinculin and for 
phosphorylation at sites Y1065 and Y822. In the unwounded tissue, total vinculin 
was diffuse throughout the epithelium and punctate staining was observed along 
the basal surface (arrow) and within basal cells (Figure 3-4A). After wounding, 
vinculin was present along the basal surface of the migrating epithelium (arrows) 
at both time points. Four hours after injury, vinculin was detected at the leading 
edge and on the basal cell surface. Eighteen hours after wounding, vinculin 
localized to the basal surface of epithelial cells (Figure 3-4A). 
When phosphorylated on tyrosine 1065 (vinculin pY1065), vinculin 
localized within basal cells and was diffusely expressed in the epithelium of 
unwounded corneas (Figure 3-4B). After injury, vinculin pY1065 was present 
along the basal epithelial surface (arrows). In addition, by 18 hours after injury, 
this staining became punctate. These results indicate that injury to the epithelium 
leads to changes in vinculin pY1065 localization as cells migrate over the 
wounded region (Figure 3-4B). 
In contrast, in the unwounded corneal epithelium, phosphorylated 
vinculin at tyrosine 822 (vinculin pY822) was present at sites of contact between 
cells and punctate staining was observed (Figure 3-4C). Four hours after injury, 
vinculin pY822 localized to both the basal surface (arrow) and between cells. By 
18 hours, vinculin pY822 was punctate at cell-cell contacts along the leading 
edge. As expected, vinculin pY822 was prominent between cells (Figure 3-4C) 
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while vinculin pY1065 was prominent on the basal surface of the migrating 
epithelium (Figure 3-4B).    
As the outermost layer of the eye, the cornea is constantly exposed to 
environmental insults and injury. Deep wounds may penetrate the basal lamina, 
exposing the underlying stroma. Corneal epithelial cells are able to migrate over 
the stiff (40 – 50 kPa) stromal layer to close the wound. Keratectomies (removal of 
the basal lamina) were performed on rat corneas and cultures were incubated for 
4 hours after injury. Migration occurred on the top surface of the exposed stroma 
(bottom image; Figure 3-4D). In the migrating epithelium, vinculin pY1065 was 
present along the basal epithelial cell surface, indicating focal adhesion formation 
and cell attachment to the exposed stromal layer. In addition, vinculin pY1065 
localized within fibroblasts migrating through the stroma (bottom image; Figure 3-
4D). The results indicate that in vivo, corneal epithelial cells can migrate as a unit 
over surfaces with increased stiffness (bottom image; Figure 3-4D). Next, these 
proteins were examined in the cell culture system in which human corneal 
epithelial cells were used. With this complementary approach of using rat corneas 
and human cells, a more accurate representation of what occurs in the 
physiological setting can be obtained. 
 
Increased substrate stiffness reduces focal adhesion number and actin 
thickness along the wound edge of an epithelial sheet 
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 To determine the signaling involved as cells migrated on the soft and rigid 
substrates, we examined changes in focal adhesions after injury. Vinculin is 
involved in several signaling pathways that are activated by increases in external 
force (Bays et al., 2014; Giannone et al., 2004). Since vinculin has a key role in 
cell-matrix and cell-cell adhesions, we examined changes in localization and 
phosphorylation on substrates of different stiffness. Cells were cultured on FN-
coated 8 and 50 kPa substrates. Once confluent, enriched media was removed 
and scratch wounds were made. Cultures were fixed 10 minutes and 4 hours 
after injury, and immunofluorescence was performed. Prior to injury, vinculin was 
diffuse throughout cells on 8 kPa substrates.  In contrast, vinculin was detected 
between cells and within the cytoplasm on 50 kPa substrates (Figure 3-5A). After 
injury, vinculin was detected in focal adhesions along the leading edge (arrows) 
and in several cells back from the leading edge for a minimum of four hours 
(Figure 3-5A).  
To evaluate whether stiffness affected the recruitment of vinculin to focal 
adhesion sites, the number and size of vinculin-positive focal adhesions at the 
leading edge was examined. Increased substrate stiffness led to a significant 
reduction in the number of vinculin-positive focal adhesions along the leading 
edge (Figure 3-5B). In contrast, adhesion length increased on the stiffer 
substrates (Figure 3-5B). These results indicate that corneal epithelial cells 
respond to substrate stiffness in a manner shown by other cells (Discher et al., 
2005; Engler et al., 2004; Pelham & Wang, 1997). 
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Figure 3-5. Increased substrate stiffness reduces focal adhesion number and actin 
bundle thickness along the leading edge.  
Human corneal limbal epithelial (HCLE) cells were cultured on fibronectin-coated 8 and 
50 kPa substrates. Once confluent, enriched media was removed and scratch wounds 
were made. Cultures were fixed 10 minutes and 4 hours after injury, and 
immunofluorescence was performed. Images were obtained using the 63x magnification 
on a Zeiss Axiovert LSM 700 confocal microscope. Data represent a minimum of 4 
independent experiments. B-C. Leading edges were analyzed in 500 µm intervals. Actin 
bundle thickness and focal adhesion number and length were determined using FIJI. 
Statistical analysis of each time point and condition was conducted (unpaired, t-test; 
ANOVA). A. Vinculin localization in unwounded cells is affected by changes in substrate 
stiffness. Vinculin localized within focal adhesions after injury (arrows). Total vinculin is 
green; rhodamine phalloidin is red. *, wound edge. Scale bar is 25 µm. B. Focal 
adhesion length increases with increased substrate stiffness. Decreased number of 
vinculin-positive focal adhesions on stiffer substrates. FA, focal adhesion. C. Actin 
bundle thickness at the leading edge is reduced in cells on stiffer substrates. Thickest 
sections of actin were measured in cells along the wound edge. Standard error bars are 
± S.E.M.  *P < 0.05, **P < 0.01, ***P < 0.005. 
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The actin bundle thickness at the leading edge was measured (Figure 3-
5A and 3-5C). Baseline values were determined on unwounded cultures. After 
injury, actin thickness increased in cells along the leading edge, as shown by 
Minns et al. (2016). On both 8 and 50 kPa substrates, the actin bundle thickness 
was greatest 4 hours after injury (Figure 3-5C). Furthermore, in the unwounded 
and wounded state, the actin bundle was thicker in cells on 8 kPa substrates 
(Figure 3-5C).  
 
Vinculin pY1065 localization in unwounded cells is affected by increased 
substrate stiffness 
The role of vinculin phosphorylation in focal adhesion formation has been 
extensively studied (Carisey & Ballestrem, 2011; Johnson & Craig, 1995). To 
become activated, vinculin is phosphorylated at tyrosine 1065 by c-Src. Vinculin 
pY1065 is then recruited to integrins along the cell membrane, initiating the 
formation of focal adhesion complexes. It is not known if changes in substrate 
stiffness affect this phosphorylation event and subsequent vinculin recruitment to 
the membranes of corneal epithelial cells. The localization of vinculin when it is 
phosphorylated at tyrosine 1065 was examined after injury in cells on 8 and 50 
kPa substrates (Figure 3-6A). Localization is depicted as an intensity scale, with 
brighter colors indicating greater localization to a region. In the unwounded state, 
vinculin pY1065 was dependent on substrate stiffness (Figure 3-6A). On 8 kPa 
substrates, vinculin pY1065 was present along the membranes of unwounded  
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Figure 3-6. Increased substrate stiffness leads to changes in vinculin pY1065 
localization in unwounded cells and elevated vinculin Y1065 phosphorylation after 
injury. 
A. In unwounded cells, vinculin pY1065 localizes to membranes on 8 kPa substrates but 
remains diffuse throughout cells on 50 kPa substrates. HCLE cells were cultured and 
wounded as previously described. Immunostaining shown as changes in fluorescence 
intensity (intensity scale in top right image). The greater the localization to a region, the 
lighter the fluorescence color. Arrows indicate vinculin pY1065 at the leading edge and 
on cell membranes.  *, wound edge. Scale bar is 25 µm. B-C. Western blot analysis was 
conducted on samples 10 minutes and 4 hours after injury. Protein was extracted, 
resolved by 10% SDS-PAGE, and immunoblotted for vinculin pY1065 and Src pY416. 
Relative expression of vinculin pY1065/total vinculin and Src pY416/ β-actin was 
determined through FIJI by quantifying band intensity. Representative bands are shown. 
Unw, unwounded; vinculin Y1065, vinculin pY1065; Src Y416, Src pY416. B. 
Phosphorylation of tyrosine 1065 on vinculin remains elevated after injury in cells on 
stiffer substrates. C. Src phosphorylation remains elevated after injury on 8 and 50 kPa 
substrates. Data represent a minimum of 4 independent experiments. Standard error 
bars are ± S.E.M. Statistical analysis conducted using ANOVA. *P < 0.05, **P < 0.01, 
***P < 0.005.  
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cells. On the stiffer, 50 kPa substrates, vinculin pY1065 was diffusely expressed 
in cells (Figure 3-6A). After injury, vinculin pY1065 was detected at the leading 
edge (arrows) and on cell membranes on both 8 and 50 kPa substrates (Figure 
3-6A). 
 
Phosphorylation of vinculin at tyrosine Y1065 remains elevated after injury 
on stiff substrates 
Changes in vinculin phosphorylation are components of the wound 
response in epithelial cells. To determine the overall phosphorylation of vinculin 
pY1065, Western blot analysis was performed at similar time points. On both 8 
and 50 kPa substrates, vinculin phosphorylation at Y1065 increased significantly 
10 minutes after injury (Figure 3-6B). After 4 hours, phosphorylation decreased 
on 8 kPa substrates, while remaining elevated on the stiffer substrates.  
Phosphorylation of vinculin at Y1065 requires activated Src, therefore, Src Y416 
was examined (Figure 3-6C). Increased Src phosphorylation was detected after 
injury and remained elevated while cells migrated to close the wound.   
 
Alterations in substrate stiffness does not affect the localization or 
phosphorylation of vinculin at tyrosine 822 after injury 
To determine whether changes in substrate stiffness alter cell-cell 
signaling during corneal wound healing, the localization and activation of vinculin 
pY822 was examined (Figure 3-7). In comparison to vinculin pY1065 localization,  
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Figure 3-7. Alterations in substrate stiffness does not affect the localization or 
phosphorylation of vinculin at tyrosine 822 after injury.  
A. Localization of vinculin pY822 is not affected by changes in substrate stiffness. HCLE 
cells were cultured and wounded as described. Arrows indicate vinculin pY822 at cell 
membranes. *, wound edge. Scale bar is 25 µm. B. Increased stiffness does not 
significantly affect the number or length of vinculin pY822-positive adhesions. FA, focal 
adhesion. C. Phosphorylation at tyrosine 822 is not affected by changes in substrate 
stiffness. Western blot analysis was conducted as previously described. Densitometry 
analysis was performed using FIJI. Phosphorylation of vinculin at tyrosine 822 was 
normalized to total vinculin. Representative bands are shown. Vinculin Y822, vinculin 
pY822; unw, unwounded. Data represent a minimum of 3 independent experiments. 
Statistical analysis conducted using ANOVA. Standard error bars are ± S.E.M. ns, not 
significant. 
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vinculin pY822 was diffuse in unwounded cultures on both 8 and 50 kPa 
substrates (Figure 3-7A). After wounding, vinculin pY822 was detected at the 
leading edge and on membranes (arrows). Four hours after injury, the 
fluorescence intensity at these regions increased (Figure 3-7A). 
The number and size of vinculin pY822-positive focal adhesions were 
similar at both stiffness values and at both time points after injury (Figure 3-7B). 
The levels of vinculin phosphorylation at Y822 did not change after wounding or 
with increased stiffness (Figure 3-7C). These results indicate that 
phosphorylation of vinculin at tyrosine 822 is present constitutively and does not 
appear to depend on substrate compliancy. 
 
3-3: Discussion 
  In this chapter, it was demonstrated that perpendicular cell movements 
and forces were exhibited during epithelial sheet migration (Figure 3-3). 
Investigators have examined the magnitude and direction of forces applied to 
substrates during migration in a variety of cell types, such as fibroblasts and 
keratocytes (Harris, Stopak, & Wild, 1981; J. Lee, Leonard, Oliver, Ishihara, & 
Jacobson, 1994; Oliver, Lee, & Jacobson, 1994). Studies have been conducted 
using epidermal fish keratocytes because of their ability to migrate with little 
change in their shape due to the tightly regulated coupling between protrusion at 
the cell front and retraction at the cell rear (Bereiter-Hahn, Strohmeier, 
Kunzenbacher, Beck, & Voth, 1981; J. Lee, Ishihara, Theriot, & Jacobson, 1993; 
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Theriot & Mitchison, 1991). Traction forces exerted during keratocyte migration 
were initially studied by Lee et al. (J. Lee et al., 1994). Epidermal fish keratocytes 
were seeded onto thin silicone rubber substrates (compliance= 8 x 10-9 N/µm) 
that were embedded with 1 µm latex beads. Computational analyses of bead 
displacements beneath individual cells revealed that the largest traction forces 
exerted were at the rear of the cell, pointing inward and perpendicular to the 
direction of overall cell migration (J. Lee et al., 1994). Forces within the rear half 
of the cell ranged from 1 x 10-8 to 2 x 10-8 N. These forces become smaller 
towards the center of the cell. Interestingly, no traction forces were detected at 
the leading edge of the migrating keratocytes.  
The perpendicular forces coincided with areas of increased actomyosin 
contractility (J. Lee et al., 1994). The authors proposed that the greater 
contraction was caused by the parallel arrangement (in comparison to the 
direction of cell migration) of stress fibers spanning the width of the cell, as 
detected by other groups (Bereiter-Hahn et al., 1981; Heath & Holifield, 1991; J. 
Lee et al., 1994). The stress fiber organization and increased contractility led to 
the generation of forces that were perpendicular to the direction of cell 
movement. Furthermore, it was concluded that high contractility and large forces 
at the cell rear promoted rapid retraction of migrating keratocytes (J. Lee et al., 
1994).  
These results are in agreement with the work presented in this chapter. In 
contracting corneal epithelial sheets, the strongest forces exerted (2 x 10-9 to 3.5 
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x 10-9 tPa) were by cells away from the leading edge on 8 kPa substrates (Figure 
3-2). During forward migration, strong traction forces were applied to both 8 and 
30 kPa substrates (ranging from 0.5 x 10-9 to 18 x 10-10 tPa) at the rear of 
epithelial sheets (Figure 3-2). On both substrates, individual cells away from the 
leading edge moved perpendicular to the direction of sheet migration (Figure 3-
3), indicating the forces exerted also occurred in a perpendicular direction. 
Further examination of the signaling involved during collective epithelial cell 
migration is needed to determine whether actomyosin contractility and stress 
fiber formation may be factors leading to perpendicular cell displacements and 
forces.  
Other organisms have exhibited perpendicular movements during 
migration. Directed movement by individual cells of the amoebae Dictyostelium 
discoideum is essential in the formation of a fruiting body (Dormann & Weijer, 
2001; Loomis, 1982). During a culmination stage, a stalk of dead cells enclosed 
by a stalk sheath forms from prestalk cells residing at the front of the slug. 
Studies examining chemotaxis and cell communication have been conducted 
using the prestalk cells (Loomis, 1982; Siegert & Weijer, 1992). Prestalk cells 
and prespore cells (located in the anterior portion of slugs) were stained with 
fluorescent dyes and live cell imaging was performed. The analysis 
demonstrated that individual prestalk cells exhibited cell movement perpendicular 
to the direction of slug migration (Dormann, Siegert, & Weijer, 1996; Siegert & 
Weijer, 1992). Meanwhile, prespore cells moved forward, coinciding with the path 
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of overall slug migration. It was further determined that prestalk cells migrated 
faster than cells at the rear of the slug (Siegert & Weijer, 1992). Based on this 
migratory pattern, it was concluded that the periodic release of chemotactic 
signals, specifically cAMP, regulated directional movement within slugs. In the 
prestalk region at the front of the slug, oscillating cAMP waves were detected, 
while in the prespore zone consistent levels of cAMP were measured (Siegert & 
Weijer, 1992; Steinbock, Siegert, Muller, & Weijer, 1993; Traynor, Kessin, & 
Williams, 1992). 
Neutrophil recruitment to sites of inflammation occurs through complex 
communication with the endothelium. Neutrophils adhere and crawl along the 
endothelium before migrating from the vasculature (Butcher, 1991; Schenkel, 
Mamdouh, & Muller, 2004; Springer, 1994). Neutrophil stabilization and adhesion 
occurs through α1β2 integrin (LFA-1), while crawling is regulated by αMβ2 
integrin (Mac-1) (Phillipson et al., 2006). Vav1 is a guanine exchange factor 
(GEF) for Cdc42 and Rac, and has been shown to regulate actin cytoskeletal 
rearrangement and membrane ruffling during neutrophil migration (Mor, Dustin, & 
Philips, 2007; Schymeinsky et al., 2006). In one study, neutrophils from wild-type 
(WT) and Vav1 knockout mice were examined to further understand neutrophil 
adhesion, crawling, and transendothelial migration (Phillipson et al., 2009). 
Through the use of intravital light microscopy and spinning disk confocal 
microscopy, live cell and real time images were obtained. In WT mice, crawling 
via Mac-1 interaction was perpendicular to the direction of blood flow. 
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Additionally, in WT neutrophils seeded onto coverslips, similar perpendicular 
crawling was observed under the presence of shear force and without guidance 
from chemokines (Phillipson et al., 2009). These results indicated that the 
perpendicular movements were regulated by mechanotaxis and not chemotaxis. 
In contrast, in Vav-/- neutrophils, perpendicular crawling (via Mac-1) in the 
direction of blood flow was not detected under shear force both in vivo and in 
vitro. In Vav-/- mice, this led to increased adhesion to the endothelium and 
decreased migration out of the vasculature (Phillipson et al., 2009).     
Together, these studies highlight the physiological relevance of 
perpendicular cell movement during complex cell behavior. Our studies provide 
the first demonstration that perpendicular movement during sheet migration is an 
important component of the wound healing response in multi-layered epithelia. 
The underlying signals and mechanisms will be an important and interesting 
focus for future studies. Our results further demonstrated that corneal epithelial 
cells respond to changes in substrate rigidity. Differences were observed in the 
length of time epithelial sheets contracted and migrated on each substrate over 
the course of 12 hours (Figure 3-1). Additionally, cells at the leading edge and 
away from the edge exhibited differences in traction forces and cell movement 
when the stiffness of the substrate increased (Figures 3-2 and 3-3). Finally, 
analysis of sheet movement indicated that apical epithelial cells have a critical 
role in initiating forward migration (Figure 3-1). These findings will eventually lead 
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to a better understanding of collective epithelial cell movement and the role that 
alterations in basal lamina stiffness has on cell migration. 
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CHAPTER FOUR: Basal Lamina Composition and Focal Adhesion Protein 
Localization are Altered in Wounded Corneal Epithelial Cells Exposed to 
Hypoxic Conditions 
 
4-1: Introduction 
To function properly, the cornea requires a 21% oxygenated environment. 
In corneal pathologies where the environment consistently remains in a hypoxic 
state, wound healing is delayed (Friend & Thoft, 1984; Smelser & Ozanics, 
1952). The changes occurring to corneal structure and the migratory 
mechanisms affected by hypoxia are not well understood. Investigators have 
suggested that under hypoxic conditions, changes in basal lamina composition 
and increased membrane stiffness may contribute to impaired healing after injury 
(Herse, 1988; Ljubimov et al., 1996). In the preceding chapter, alterations in 
substrate stiffness were shown to affect cellular traction forces and epithelial 
sheet migration. The goal of the following studies was to determine whether 
changes in basal lamina composition and focal adhesion protein dynamics are 
potential factors in the impaired healing response observed in hypoxic corneas. 
Three-dimensional organ culture models and cell monolayers were used to 
address these goals. The wound response in the organ culture system is 
equivalent to the physiological response in vivo (A. Lee et al., 2014). Our findings 
demonstrate that alterations in the morphology of the leading edge, changes in 
basal lamina and stromal composition, and modifications in focal adhesion 
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number and length, may contribute to the altered healing response after injury in 
hypoxic corneas. 
 
4-2: Results 
Morphology of the leading edge is altered under hypoxic conditions 
Wound closure rate after corneal epithelial injury was examined. In rat 
corneas, 3 mm abrasions were made and corneas were incubated for 2, 12, 18, 
or 24 hours under normoxic (21% O2) or hypoxic (1% O2) conditions (Figure 4-
1A). Corneas were fixed at each time point and stained with 2% methylene blue 
dye, which binds to exposed regions of the basal lamina indicating unhealed 
areas. Wound size was measured at each time point. In normoxic conditions, 
wounds healed within 18 hours (Figure 4-1A), while after exposure to hypoxia, 
wound closure was significantly delayed after injury. Complete closure occurred 
about 6 hours later in hypoxic corneas. By 24 hours, both normoxic and hypoxic 
wounds were completely healed (Figure 4-1A) (A. Lee et al., 2018). 
 The leading edge of the migrating epithelium was examined (Figure 4-
1B). Corneas were incubated under normoxic or hypoxic conditions for 4, 6, or 18 
hours after injury, then stained for F-actin and counterstained with DAPI to 
visualize nuclei. Wounded normoxic corneas exhibited the typical “pointed” and 
extended leading edges (Stepp, Spurr-Michaud, & Gipson, 1993) (Figure 4-1B 
and 4-1C). As previously described, by 18 hours after injury, normoxic corneas  
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Figure 4-1. Delayed wound healing and alterations in leading edge morphology in 
rat organ cultures exposed to hypoxic conditions.  
A. Hypoxic conditions delay healing in wounded corneas. Three millimeter epithelial 
abrasions were made at the center of each cornea. Incubation in normoxic or hypoxic 
environments for 2 to 24 hours occurred. Using a digital camera attached to a dissecting 
microscope, unhealed regions (methylene blue stained) were measured. Data 
represents a minimum of 3 independent experiments at each condition and time point. *, 
statistically significant. B-C. Hypoxic corneas displayed a blunt leading edge. Corneas 
were wounded and incubated for 4, 6, or 18 hours under normoxic or hypoxic conditions. 
Corneas were fixed with 4% paraformaldehyde and stained with rhodamine phalloidin 
(red) and DAPI (blue). Images were obtained using the 40x magnification on a Zeiss 
Axiovert LSM 700 confocal microscope. C. Lack of extended, pointed leading edge in 
corneas exposed to hypoxia. Close up of leading edges 4 and 6 hours after injury in 
normoxic and hypoxic corneas. *, wound edge. Data represent a minimum of 3 
independent experiments for each time point and condition. Scale bar is 100 µm (A. Lee 
et al., 2018).  
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were completely healed, while corneas exposed to hypoxia remained unhealed 
(Figures 4-1A and 4-1B). In addition, under hypoxic conditions, the leading edges 
displayed a “blunt” edge and lacked the pointed, extended shape observed in 
normoxic corneas (Figure 4-1B and 4-1C). The results indicate that exposure to 
hypoxia may result in changes to the actin cytoskeleton. Future analysis will 
involve elucidating the cytoskeletal proteins that may be sensitive to changes in 
environmental oxygen levels. 
 
Fibronectin is reduced on the apical surface of the epithelium and within 
the anterior stroma in corneas exposed to hypoxic conditions  
In the migrating corneal epithelium, the maximum rate of ECM and focal 
adhesion protein synthesis occurs 16 – 18 hours after wounding (Zieske & 
Gipson, 1986), therefore, the following organ culture studies (Figures 4-2, 4-3, 
and 4-4) were conducted 18 hours after injury to the corneal epithelium. Studies 
have shown that up to 48 hours after injury, fibronectin (FN) is transiently 
localized along the basal lamina, where it provides a temporary matrix for 
migrating epithelial cells (Gipson et al., 1993; Zieske, Higashijima, Spurr-
Michaud, & Gipson, 1987). In unwounded normoxic and hypoxic corneas, FN 
was not detected in epithelial cells or in the basal lamina (Figure 4-2A). Eighteen 
hours after injury, FN was present on the apical surface of the epithelium (yellow 
arrows) and in basal cells (red arrows), as well as in the anterior stroma of 
normoxic corneas (Figure 4-2B). These results verify that the response in our  
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Figure 4-2. Hypoxia modulates the expression of fibronectin and laminin in 
wounded corneas.  
Unwounded and wounded corneas were incubated in normoxic or hypoxic environments 
for 18 hours prior to immunostaining for fibronectin or laminin. Corneas were 
counterstained with rhodamine phalloidin (red) and DAPI (blue). Images were obtained 
using a 40x magnification on a Zeiss Axiovert LSM 700 confocal microscope. A. 
Negligible fibronectin expression is detected in unwounded normoxic and hypoxic 
corneas. Fibronectin is green. B. Hypoxia decreases fibronectin localization at the apical 
surface of the epithelium (yellow arrows) and in the anterior stroma. Red arrows indicate 
fibronectin localization in basal epithelial cells. Fibronectin is green. C. Laminin-5 
expression is reduced along the basal lamina and in the stroma of hypoxic corneas. 
Yellow arrow indicates laminin-5 localization to the basal lamina. Laminin-5 is green. *, 
wound edge. Scale bar is 100 µm. Data represent a minimum of 3 independent 
experiments for each condition.  
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organ culture system is equivalent to the physiological wound response in vivo 
(Lee et al., 2014). Under hypoxic conditions, there was a reduction in FN 
localization to apical epithelial cells and decreased FN staining in the anterior 
stroma (Figure 4-2B). However, FN was detected within basal cells (red arrows), 
indicating that in hypoxic environments, FN synthesis may occur but the release 
of FN from basal cells could be reduced. The lack of FN localization to the apical 
epithelial surface and anterior stroma may indicate a reduction in the release of 
FN, which may further suggest a reduction in FN localization to the basal lamina. 
However, closer examination of the basal lamina is required before conclusions 
can be made. 
 
Laminin-5 localization is reduced in the basal lamina and stroma under 
hypoxic conditions 
Previously, our lab and other investigators have demonstrated that the 
mRNA expression of several ECM proteins are reduced or amplified in corneas 
exposed to hypoxic conditions (Berg et al., 1998; Hofbauer et al., 2003; Lee et 
al., 2018). For instance, in one study it was reported that corneal stromal cells 
exposed to hypoxia expressed low levels of collagen Type III and the small 
leucine-rich proteoglycans (SLRPs), lumican, keratocan, and decorin, compared 
to normoxic stromal cells (Lee et al., 2018). In patients with diabetic keratopathy, 
decreased mRNA expression of heparan sulfate proteoglycans and SLRPs have 
been reported (Herse, 1988; Ljubimov et al., 1996). In contrast, it has been 
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shown that hypoxic conditions also lead to increased perlecan and lysyl oxidase 
mRNA levels in the stroma (A. Lee et al., 2018). Interestingly, less is known 
about changes in ECM protein localization in the basal lamina and stroma after 
exposure to hypoxia.  
 Laminin localization was evaluated 18 hours after injury in wounded 
normoxic and hypoxic corneas (Figure 4-2C). Laminins are major components of 
the basal lamina and stroma, and have a vital role in epithelial cell attachment to 
the basal lamina. Under normoxic conditions, laminin-5 localized to the basal 
lamina (top, right image; Figure 4-2C) and within the stroma (top, left image; 
Figure 4-2C) in wounded corneas. However, under hypoxic conditions, laminin-5 
localization was reduced in both regions (bottom images; Figure 4-2C). As 
previously mentioned in chapter 1, laminin is reduced in diabetic corneas (Azar et 
al., 1992; Ljubimov et al., 1998; Sady et al., 1995). Results from this current 
study suggest that the reduction in laminin may be a result of the hypoxic 
environment in diabetic corneas. 
 
Unwounded hypoxic corneas exhibit slight increase in basal lamina 
stiffness 
 Using atomic force microscopy (AFM), basal lamina stiffness was 
measured in rat corneas. Corneas were either uninjured or wounded with a 3 mm 
trephine and incubated in normoxic or hypoxic conditions for 18 hours. 
Immediately before AFM analysis, the epithelium of uninjured and wounded 
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corneas was removed to expose the basal lamina. Corneas were then mounted 
on glass slides and covered with DMEM/penicillin-streptomycin. An atomic force 
microscope (Asylum Research, Santa Barbara, CA) with silicon cantilever tips 
was used to measure the central region of the corneas. In unwounded normoxic 
corneas, the basal lamina stiffness ranged from 2.2 to 5.6 kPa, averaging about 
4.3 kPa (Figure 4-3). After injury, the stiffness of normoxic corneas increased to 
an average of 7.3 kPa, which is similar to values obtained by other groups 
(Thomasy et al., 2014; Vogel & Sheetz, 2006). The basal lamina stiffness of 
unwounded hypoxic corneas was slightly higher, with values ranging from 6.2 to 
10 kPa and averaging around 8.1 kPa. Unlike wounded normoxic corneas, 
injured hypoxic corneas did not present with increased basal lamina stiffness. 
The measured values ranged from 5.4 to 7.9 kPa with an average of about 6.9 
kPa (Figure 4-3). These preliminary data indicate that hypoxia may affect basal 
lamina stiffness, however, more studies are required to concretely determine this. 
Additionally, longer exposure under hypoxic conditions may result in a greater 
change in basal lamina stiffness and may reduce the variability in stiffness values 
obtained.  
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Figure 4-3. Basal lamina stiffness in normoxic and hypoxic rat organ cultures. 
Unwounded hypoxic corneas exhibit slight increase in basal lamina stiffness. 
Unwounded and wounded corneas were incubated in normoxic or hypoxic conditions for 
18 hours. Epithelium was removed immediately prior to experimentation and corneas 
were mounted onto glass slides. DMEM/penicillin-streptomycin was added before 
measurement of the basal lamina. An atomic force microscope with silicon cantilever tips 
was used and measurements of the basal lamina were obtained. Data represent a 
minimum of 3 independent runs for each condition.  
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Hypoxia alters the localization of paxillin pY118 and vinculin pY1065 to 
adhesion sites along the leading edge  
 Focal adhesion protein localization was examined to determine if the 
impaired healing observed under hypoxic conditions is a result of altered focal 
adhesion formation. The actin cytoskeleton interacts with ECM proteins to form 
focal adhesions, enabling cells to migrate over the underlying substrate. The 
focal adhesion protein, talin, initiates the formation of nascent complexes by 
binding to β1-integrin and acting as a docking site for adaptor proteins (Figure 4-
4A).  
Three and a half millimeter abrasions were made in corneas exposed to 
normoxia or hypoxia for 18 hours. Talin localized along the basal surface of 
normoxic epithelial cells (arrow) and to cell borders (Figure 4-4B). Under hypoxic 
conditions, localization to basal cell borders was reduced while localization to the 
basal surface remained (Figure 4-4B).  
Paxillin pY118 binds to β1-integrin and talin, and acts as a docking site for 
adhesion proteins (Figure 4-4A) (Glenney & Zokas, 1989; Turner et al., 1990; 
Zaidel-Bar et al., 2007). Mass spectrometry phosphoproteomics indicates that 
paxillin pY118 is highly phosphorylated after injury. Additionally, paxillin pY118 
has an essential role in fully activating vinculin pY1065. Under normoxic 
conditions, paxillin pY118 localized to the posterior surface of basal cells and to 
cell borders. Punctate staining (arrow) of paxillin pY118 was observed within 
basal cells (Figure 4-4C). Hypoxia affected the localization of this protein. 
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Figure 4-4. The localization of key focal adhesion proteins are altered under 
hypoxic conditions.  
A. Schematic of a nascent complex and adherens junction. Talin initiates nascent 
adhesion formation by binding to β1-integrin. Paxillin pY118 binds to β1-integrin and 
talin. Vinculin pY1065 binds to paxillin pY118, initiating the formation of focal adhesions. 
When phosphorylated at tyrosine 822, vinculin is recruited to cell-cell contacts (adherens 
junctions) and is involved in collective migration. B-E. Corneas were wounded and 
incubated in normoxic or hypoxic environments for 18 hours. Corneas were fixed and 
stained for focal adhesion proteins (green). Images were obtained using the 40x 
magnification on a Zeiss Axiovert LSM 700 confocal microscope. Data represent a 
minimum of 3 independent experiments for each condition. *, wound edge. Scale bar is 
50 µm. B. Talin localizes to cell membranes and along basal surface (arrows) of 
epithelial cells in normoxic and hypoxic corneas. Talin is green. C. Paxillin pY118 
localization is altered in corneas exposed to hypoxic conditions. Punctate staining 
(arrow) observed in normoxic corneas. Continuous expression along basal surface 
(arrow) in corneas exposed to hypoxic conditions. Paxillin pY118 is green. D. Vinculin 
pY1065 localization to the basal surface is altered under hypoxic conditions. Vinculin 
pY1065 localized to the basal surface (arrow) in normoxic conditions but remained 
diffuse throughout epithelium in corneas incubated under hypoxic conditions. Vinculin 
pY1065 is green. E. Punctate staining of vinculin pY822 observed under normoxic and 
hypoxic conditions. Vinculin pY822 is green. Pax Y118, paxillin pY118; vinc Y1065, 
vinculin pY1065; P, phosphorylated site; vinc Y822, vinculin pY822; E-cad, E-cadherin; 
α-cat, α-catenin; β-cat, β-catenin.   
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Decreased punctate staining was detected and paxillin pY118 prominently 
localized to the basal surface in the migrating epithelium (arrow; Figure 4-4C). 
 Due to the essential role that vinculin pY1065 has in focal adhesion 
maturation (Auernheimer et al., 2015; Grashoff et al., 2010), vinculin pY1065 
localization after corneal injury was examined. In normoxic conditions, vinculin 
pY1065 localized prominently along the basal surface of the leading edge 
(arrow), indicating its presence in focal adhesions (Figure 4-4D). In hypoxic 
corneas, however, localization to the basal surface was reduced. At the leading 
edge of the epithelium, vinculin pY1065 was diffuse and punctate staining was 
observed (Figure 4-4D). Decreased vinculin pY1065 within focal adhesions may 
result in smaller adhesions that undergo quick turnover, which is a characteristic 
of focal adhesions in rapidly migrating cells. Thus, the reduction in vinculin 
pY1065 to the basal surface might not be a contributing factor in the delayed rate 
of migration observed in cells exposed to hypoxic conditions. 
 Successful sheet migration is dependent on cells being connected to their 
neighbors through cell-cell junctions. Vinculin pY822 has a role in stabilizing E-
cadherin-containing adherens junctions (Figure 4-4A) (Bays et al., 2014; Perez-
Moreno et al., 2003). Therefore, vinculin pY822 localization was examined to 
determine whether a reduction in vinculin pY822 to cell-cell contacts could be a 
contributing factor in the impaired migration observed in hypoxic corneas. 
However, in wounded corneas exposed to either normoxic or hypoxic conditions, 
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punctate vinculin pY822 staining was detected in the epithelium (Figure 4-4E). 
Thus, hypoxia does not appear to alter vinculin pY822 localization.  
Overall, these data indicate that under hypoxia, paxillin pY118 localization 
to the leading edge of the migrating epithelium increases while vinculin pY1065 
localization decreases. This implies that focal adhesions remain small and 
possibly unstable because a reduction in vinculin pY1065 may result in 
decreased adaptor protein recruitment. After injury, it is advantageous for cells to 
have smaller, less stable focal adhesions because this promotes rapid 
attachment and detachment to substrates, which is necessary for quickly 
migrating cells. Therefore, the alterations in focal adhesion protein localization 
may not be a factor in the delayed rate of migration and healing observed in 
hypoxic corneas.   
 
The length of paxillin pY118- and vinculin pY1065-positive focal adhesions 
is reduced in cells exposed to hypoxic conditions 
 Focal adhesion number and length along the leading edge was examined 
in in vitro cultures of corneal epithelial cells. Cells were seeded onto FBS-coated 
glass coverslips, grown to confluence, wounded, and fixed 4 hours after injury. 
Immunostaining was performed to observe changes in protein localization after 
exposure to hypoxia. In normoxic and hypoxic HCLE cells, talin localized to the 
leading edge and diffuse staining was detected in the cytoplasm (Figure 4-5A). 
Under hypoxic conditions, the number and length of talin-containing focal  
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Figure 4-5. Hypoxia affects the number and length of paxillin pY118- and vinculin 
pY1065-positive focal adhesions along the leading edge.  
Human corneal limbal epithelial (HCLE) cells were wounded and incubated in normoxic 
or hypoxic conditions for 4 hours. HCLE cells were fixed and immunostained for focal 
adhesion proteins (green). Images were obtained using the 40x magnification on a Zeiss 
Axiovert LSM 700 confocal microscope. The leading edge was analyzed in 500 µm 
intervals. Focal adhesion number and length were determined using FIJI. Statistical 
analysis was conducted (ANOVA). A. Talin localized to the leading edge in HCLE cells 
incubated under normoxic and hypoxic conditions. Talin is green. B. No significant 
change in talin-positive focal adhesion number or length under hypoxic conditions. C. 
Larger paxillin pY118-positive focal adhesions (arrows) detected at the leading edge of 
normoxic cells. Paxillin pY118 is green. D. Increased number and decreased length of 
paxillin pY118-positive focal adhesions in hypoxic HCLE cells. E. Smaller vinculin 
pY1065-positive focal adhesions (arrows) along the leading edge in hypoxic cells. 
Vinculin pY1065 is green. F. Hypoxia reduced the number and length of vinculin 
pY1065-positive focal adhesions at the leading edge. G. Vinculin pY822 localized 
primarily to cell-cell contacts along the leading edge. Vinculin pY822 is green. H. 
Hypoxia decreased the number but increased the length of vinculin pY822-positive cell-
cell contacts. Data are the result of at least 4 independent experiments. *, wound edge. 
Scale bar is 50 µm, applies to all images. Standard error bars are ± S.E.M. *P < 0.05, 
**P < 0.01, ns= not significant. Nx, normoxia; Hx, hypoxia; FAs, focal adhesions. 
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adhesions did not significantly change in comparison to normoxic cells (Figure 4-
5B). In addition, the leading edges of hypoxic HCLE cells lacked lamellipodial 
extensions and, as observed in hypoxic corneas (Figure 4-1B), displayed a blunt 
morphology. 
After injury, paxillin pY118 localized to the wound edge in cells incubated 
under normoxic or hypoxic conditions (Figure 4-5C). However, larger adhesions 
were observed in normoxic HCLE cells (arrows). Interestingly, the number of 
paxillin pY118-containing adhesions at the leading edge was 3 fold greater in 
cells exposed to hypoxia (Figure 4-5D). The increased number of paxillin pY118-
containing adhesions may correlate to the increased localization of paxillin pY118 
at the basal surface of the epithelium in hypoxic corneas (Figure 4-4B). While the 
number of adhesions increased, the length of paxillin pY118-containing 
adhesions was significantly reduced in cells exposed to hypoxic conditions 
(Figure 4-5D). The reduction in length indicates that paxillin pY118-containing 
focal adhesions may exist as small, nascent complexes in lower oxygenated 
environments.  
In migrating normoxic HCLE cells, vinculin pY1065 prominently localized 
to adhesions at the leading edge (arrows; Figure 4-5E), as was observed in 
normoxic corneas (Figure 4-4D). Under hypoxic conditions, vinculin pY1065 was 
present at the leading edge but appeared smaller in size (arrows; Figure 4-5E). 
Exposure to hypoxia led to reductions in the number and length of focal 
adhesions containing vinculin pY1065 (Figure 4-5F). In corneas incubated under 
 126 
 
hypoxic conditions, vinculin pY1065 localization to the basal surface decreased 
(Figure 4-4C), possibly indicating a reduction in vinculin pY1065-positive focal 
adhesions. Further analysis is required to understand why under hypoxic 
conditions, increased paxillin pY118 localization to focal adhesions does not lead 
to increased vinculin pY1065 recruitment. Future studies may need to address 
changes in vinculin pY1065 activation.  
When phosphorylated at tyrosine 822, vinculin is recruited to cell-cell 
contacts (Bays et al., 2014). Thus, localization of vinculin pY822 to the leading 
edge should be minimal (Figure 4-5G). However, vinculin pY822-containing cell-
cell contacts were detected at the leading edge. These cell-cell contacts may be 
the remnants of contacts that were present between intact cells prior to injury. 
Quantifying the vinculin pY822-positive cell-cell contacts at the leading edge of 
hypoxic cells revealed a decrease in count and increase in length compared to 
contacts in normoxic cells (Figure 4-5H). While these data are interesting, future 
studies will need to examine why vinculin pY822 is present at the leading edge 
when evidence has shown that vinculin pY822 primarily localizes to cell-cell 
contacts between cells (Bays et al., 2014).  
 
Vinculin-positive focal adhesions along the leading edge have quicker 
turnover rates on fibronectin substrates  
To further understand vinculin dynamics during corneal wound healing, 
vinculin turnover (lifespan) was examined. HCLE cells were seeded onto FN- or 
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collagen IV (Coll IV)-coated glass bottom dishes. FN was chosen to represent a 
transient wounded state. When reaching 75 – 80% confluency, cells were 
transfected with mCherry-vinculin. Scratch wound assays were performed upon 
reaching full confluence. HCLE cells expressing mCherry-vinculin at the wound 
edge were imaged. Images were obtained every 5 minutes for 1 hour and the 
length of time between formation and disassembly of focal adhesions was 
analyzed. The results indicated that adhesion lifespan was dependent on the 
matrix protein present on the substrate. Focal adhesions on FN had a lifespan of 
10 to 50 minutes, with 60% lasting between 11 to 30 minutes. Only 25% of focal 
adhesions were stable for longer than 30 minutes (Figure 4-6A). In comparison, 
adhesion lifespan lasted over 50 minutes in cells on Coll IV, with 94% focal of 
adhesions lasting between 11 and 50 minutes (Figure 4-6A). Focal adhesions 
within individual cells along the leading edge were tracked and color-coded to 
indicate the length of time they were present (Figure 4-6B). Adhesions with short 
lifespans are in the dark blue to light blue color range, while longer lasting focal 
adhesions are represented by colors ranging from yellow to red. In Figure 4-6B, 
representative images are shown of a single cell on a FN- and a Coll IV-coated 
substrate. Focal adhesions were tracked over the course of an hour. Analysis of 
this experiment demonstrated that focal adhesions in cells migrating on FN 
substrates have a shorter lifespan than those on Coll IV substrates. The higher 
amount of orange and yellow color-coded adhesions on the Coll IV surface  
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Figure 4-6. Vinculin-positive focal adhesions along the leading edge have quicker 
turnover rates on fibronectin substrates. 
HCLE cells were seeded onto fibronectin- or collagen IV-coated glass bottom dishes. 
Cells were transfected with mCherry-vinculin plasmid DNA and wounded upon reaching 
confluency. Cells were placed in the environmental chamber (37ᵒC, 5% CO2) on a Zeiss 
Axiovert LSM 880 confocal microscope. Using the 20x objective, live cell imaging was 
performed and images were obtained every 5 minutes for 1 hour. Focal adhesion 
turnover was analyzed using FIJI. Data are the result of 3 independent experiments. A. 
Turnover was quicker in vinculin-positive focal adhesions on fibronectin-coated dishes. 
B. Color-coded intensity indicates length of time vinculin-positive focal adhesions 
remained at the leading edge in a single migrating cell. FN, fibronectin; Coll IV, collagen 
Type IV; FA, focal adhesion. Scale bar is 20 µm. Standard error bars are ± S.E.M. 
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further emphasizes the difference in focal adhesion lifespan between the two 
matrix proteins. 
 
Preliminary data (individual and subconfluent corneal epithelial cells)  
Changes in stiffness alter HCLE cell morphology, size, and motility on 
fibronectin and collagen Type IV-coated substrates 
To understand the behavior of individual and subconfluent HCLE cells on 
substrates of varying stiffness, live cell imaging was performed on HCLE cells 
seeded onto FN and Coll IV-coated polyacrylamide gels. Polyacrylamide 
substrates with stiffness values of 0.2, 8, and 50 kPa were used. The range of 
values includes the stiffness of the epithelial surface (0.2 kPa), the basal lamina (8 
kPa), and the corneal stroma (40-50 kPa). Three hours after plating, live cell 
imaging was performed using a 510 LSM Zeiss Confocal microscope. Figure 4-7A 
shows cellular morphology while Figures 4-7B and 4-7C display changes in cell 
size and motility, respectively. On the soft, 0.2 kPa substrates, cell adherence was 
low. Cells on FN-coated 0.2 kPa substrates displayed a narrow range in 
circumference with about 85% of cells being round. Ninety percent of cells on 
these substrates exhibited minimal spreading (Figure 4-7A and 4-7B). In contrast, 
on Coll IV 0.2 kPa gels, spreading was evident and cells were present in clusters 
of 2-3 cells (Figure 4-7A). Compared to cells on FN, the Coll IV cells had nearly 
twice the circumference (Figure 4-7B). Cells on both FN and Coll IV 0.2 kPa 
substrates displayed membrane protrusions and exhibited vesiculation, a sign of  
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Figure 4-7. Corneal epithelial cell behavior is dependent on substrate stiffness. 
HCLE cells were seeded and incubated for 3 hours on fibronectin- and collagen IV-
coated substrates. DIC images were obtained every 5 minutes for 1 or 2 hours using a 
510 LSM Zeiss Confocal microscope. Images represent a minimum of 5 independent 
experiments. A. Alterations in cell morphology occurred with stiffness changes. 
Representative images show initial time point (t=0). Black arrows indicate membrane 
ruffling and lamellipodial extensions. Scale bar for 0.2 kPa substrates is 25 µm; scale bar 
for 8 kPa and 50 kPa substrates is 50 µm. B. Cell circumference increased on stiffer 
surfaces. Cell shape at initial time point (t=0) was analyzed using FIJI. Statistical analysis 
was conducted (ANOVA). C. Cell movement increased as substrate stiffness increased. 
Imaging conducted for 1 hour with 0.2 kPa substrates and 2 hours for 8 kPa and 50 kPa 
substrates. Individual cell movement was tracked throughout experimentation and 
average accumulative distance moved was obtained using FIJI. Line colors correspond to 
colors used in bar graph of Figure 4-7B. FN, fibronectin; Coll IV, collagen Type IV. 
Standard error bars are ± S.E.M. *P < 0.05, **P < 0.01, ***P < 0.005, ns, not significant.  
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stress (Figure 4-7A). On 8 kPa substrates coated with either matrix protein, cells 
were present in clusters and membrane ruffling and lamellipodia extensions were 
detected (arrows; Figure 4-7A). These observations were also seen on 50 kPa 
substrates (arrows; Figure 4-7A). Cells were larger on the stiffer substrates, and 
at 50 kPa the type of matrix molecule did not influence cell circumference (Figure 
4-7B). Additionally, when cell size was compared within one type of matrix coating 
there was a significant difference between each substrate stiffness.  
Similar experiments were conducted to examine cell motility on the 
substrates. Three hours after plating, cells were imaged every 5 minutes using a 
510 LSM Zeiss Confocal microscope. The graph in Figure 4-7C demonstrates 
the average accumulative distance traveled and represents a minimum of 6 runs. 
Cells failed to migrate extensively on either of the 0.2 kPa substrates. On the 
softer gels, motility was tracked for only 1 hour due to low plating efficiency, while 
cells on stiffer substrates were monitored for 2 hours. Overall, cells on stiffer 
surfaces moved farther showing that the matrix protein is a less critical factor at 
stiffer substrates and that increased stiffness leads to increased motility of 
epithelial cells (Figure 4-7C). After analyzing data from live cell imaging 
experiments, it was evident that HCLE cells adhered, migrated, and exhibited a 
typical epithelial morphology on 8 kPa and 50 kPa substrates irrespective of 
ECM component.  
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4-3: Discussion 
In wounded rat corneas exposed to hypoxic conditions, the morphology of 
the leading edge was altered (Figure 4-1). Evidence indicates that hypoxia 
induces cytoskeletal alterations in various cell types (e.g. myoctyes, smooth 
muscle cells) (Fediuk, Gutsol, Nolette, & Dakshinamurti, 2012; Z. Wang et al., 
2001). Data suggests that these alterations may be the result of changes in 
RhoA protein levels or activity. The effect that hypoxia has on RhoA greatly 
varies between and within certain cell types. For example, in mouse 
mesenchymal stem cells (MSCs) exposed to hypoxia for up to 72 hours, RhoA 
protein levels decreased (Pacary et al., 2007). Whereas, in renal carcinoma cells 
(Caki-I), RhoA protein and mRNA levels were upregulated after 24 hours in a 
hypoxic environment (Turcotte, Desrosiers, & Beliveau, 2003). Furthermore, 
conflicting data exists when examining RhoA activity within in the same cell type. 
In human MSCs, it was reported that RhoA activity was enhanced after 7 days of 
exposure to hypoxia (Vertelov et al., 2013). In contrast, another group 
demonstrated that after 24 hours under hypoxic conditions, RhoA activity was 
downregulated in human MSCs (Raheja, Genetos, Wong, & Yellowley, 2011). 
While there was great variability in the length of exposure to hypoxia in these 
studies, the evidence indicates that alterations in RhoGTPase signaling may 
induce cytosketelal changes in cells exposed to hypoxia. Further examination will 
need to be conducted to understand how RhoA is affected in the corneal 
epithelium under hypoxic conditions.    
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 In this chapter, the localization of key basal lamina proteins were 
examined in corneas exposed to hypoxia (Figure 4-2). FN and laminin-5 
localization were altered under hypoxic conditions. At this time, it is unknown 
whether the reduced protein levels correlate to decreased mRNA expression. 
Interestingly, investigators have demonstrated that the mRNA levels of certain 
ECM proteins increase in hypoxic environments. In one study, fetal rat lung 
fibroblasts were incubated in 2% O2 for 8hrs. Compared to normoxic corneas, 
there was a 3 fold increase in the mRNA of the α1 subunit of collagen Type I 
(Takahashi, Takahashi, Shiga, Yoshimi, & Miura, 2000). In fetal calves, elastin 
mRNA expression significantly increased in pulmonary arterial cells after 24 
hours of exposure to hypoxia. Fourteen days after incubation under hypoxic 
conditions, the mRNA levels remained elevated (Durmowicz, Parks, Hyde, 
Mecham, & Stenmark, 1994). From the literature, it is evident that studies have 
been conducted examining the transcript levels of ECM components. 
Interestingly, it appears as though hypoxia upregulates the mRNA of specific 
ECM proteins. It will be interesting to determine whether fibronectin and laminin-5 
mRNA levels are affected after exposure to hypoxia.   
 Focal adhesion protein localization was examined in HCLE cells incubated 
in normoxic and hypoxic environments (Figure 4-5). Four hours after injury, 
vinculin pY822 localized along cell borders and, interestingly, at the leading edge 
under both normoxia and hypoxia (Figure 4-5G and 4-5H). Phosphorylation of 
vinculin at tyrosine 822 leads to vinculin localizing to cell-cell contacts (Bays et 
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al., 2014; Perez-Moreno et al., 2003; Yonemura, Wada, Watanabe, Nagafuchi, & 
Shibata, 2010). Therefore, localization to the wound edge should be minimal. It is 
possible that the signal for vinculin pY822 reflects the presence of cell-cell 
contact remnants created during the wounding of the confluent cell layer and that 
cell fragments of injured cells remain attached to the surface of cells adjacent to 
the wound. This would allow for cell-cell contact sites to persist at the wound 
edge. Vinculin pY822 binds to α- and β-catenin, which bind to E-cadherin at cell-
cell junctions (Bays et al., 2014; Perez-Moreno et al., 2003; Yonemura, Wada, 
Watanabe, Nagafuchi, & Shibata, 2010). It will be interesting to see if the catenin 
and cadherin proteins are present at the leading edge together with vinculin 
pY822. 
Overall, further investigation is required to elucidate the wound healing 
mechanisms affected by changes in environmental conditions. It is necessary to 
determine the alterations in ECM composition and cytoskeletal dynamics in order 
to completely understand the effect these changes have on intracellular 
signaling, cell migration, and healing after corneal injury.   
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CHAPTER FIVE: Extended Discussion 
5-1: Summary 
  Previous studies by other investigators have indicated that in chronic 
hypoxic environments, alterations in basement membrane rigidity may be a 
contributing factor for the delayed rate of healing after corneal epithelial injury 
(Azar et al., 1992; Friend & Thoft, 1984; Hara et al., 2009; Teranishi et al., 2008). 
In these studies, we have investigated the effects that increased substrate 
stiffness has on epithelial cell movement. We developed an innovative technique 
to study the traction forces generated during collective migration. Instead of using 
cell monolayers, we employed a novel method of seeding rat corneal epithelial 
sheet explants onto polyacrylamide substrates and performing TFM (Figures 3-1, 
3-2, and 3-3). It was determined that the leading edges of corneal epithelial 
sheets undergo contraction prior to migration. In addition, it was demonstrated 
that basal epithelial cells have a primary role in sheet contraction, force 
generation, and adherence to the substrate, while apical epithelial cells initiate 
forward migration following the contractility phase (Figure 3-1).  
When analyzing the forces exerted between epithelial sheets and 
substrates, it was evident that traction forces were affected by changes in 
substrate stiffness (Figure 3-2). On the 8 kPa substrates, strong forces were 
exerted away from the leading edge during sheet contraction, while during 
forward migration, forces were exerted more uniformly beneath the sheet. On the 
30 kPa substrates, forces were applied right at the leading edge during the 
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contraction phase but shifted towards the center of sheets during forward 
migration. Cell movement within epithelial sheets were examined and it was 
determined that on the 8 kPa substrates, individual cell displacement was 
primarily perpendicular to the direction of sheet migration (Figure 3-3). 
Differences were detected on the 30 kPa substrates, between the leading edge 
and away from the edge as well as between the 2 phases of sheet migration. 
While cell movement was less uniform on the 30 kPa substrates, individual cells 
moved a greater distance than cells on the 8 kPa polyacrylamide gels. 
Changes in intracellular signaling were examined during corneal epithelial 
cell migration on 8 kPa and 50 kPa substrates (Figures 3-4, 3-5, and 3-6). In the 
unwounded state, increased substrate stiffness led to alterations in the 
localization of vinculin and phosphorylated vinculin at Y1065. After injury, the 
number of vinculin-positive focal adhesions was significantly reduced on stiff 
substrates, while the length of these adhesions increased. In addition, vinculin 
phosphorylation at Y1065 remained elevated after injury on 50 kPa substrates. In 
3-D organ cultures, vinculin and phosphorylated-vinculin Y1065, localized 
prominently to the basal surface of epithelial cells (Figure 3-7). Lastly, it was 
demonstrated that corneal epithelial cells have the ability to adhere to and 
migrate on the stroma, which has a stiffness value greater than the corneal basal 
lamina.  
To further understand how cell migration is affected by chronic hypoxic 
conditions, the leading edge of the migrating epithelium was examined at 
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different time points after injury. It was determined that the shape of the leading 
edge was altered in corneas exposed to hypoxic conditions. Furthermore, the 
healing rate was significantly delayed under hypoxia. Fibronectin localization to 
the anterior stroma and apical surface of the epithelium was reduced, and 
laminin-5 localization to the basal lamina and stroma was also reduced in 
corneas exposed to hypoxic conditions. In an ex vivo organ culture model, 
paxillin pY118 localized to the basal surface, while vinculin pY1065 remained 
diffuse throughout the corneal epithelium after incubation under hypoxic 
conditions. After exposure to hypoxia, we detected increased number but 
decreased length of paxillin Y118-positive focal adhesions in HCLE cells. 
Furthermore, the number and length of vinculin pY1065-positive focal adhesions 
significantly decreased in wounded HCLE cells exposed to hypoxic conditions.  
The remainder of this chapter will discuss some of the implications from these 
studies and address questions for future research.   
 
5-2: Perpendicular cell movement and forces during corneal epithelial 
sheet migration 
 In chapter three, it was determined that as epithelial sheets contracted 
and migrated, individual cells within the sheet exhibited perpendicular 
movements (Figure 3-3). Traction forces are the forces generated by cells during 
migration. As cells adhere to a substrate and use the attachments formed as 
anchors to pull themselves in one direction, the forces generated during this 
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process point in the opposite direction to cell movement. Therefore, the 
perpendicular movements exhibited by individual corneal epithelial cells indicate 
that perpendicular forces are being exerted by cells while the overall epithelial 
sheet contracts or migrates in the forward direction. It is unknown at this time 
what causes the perpendicular displacements, however, there are a few factors 
which may be involved.  
Perpendicular displacements during migration have been detected in other 
cell types, such prestalk cells of the amoebae Dictyostelium discoideum 
(Dormann et al., 1996; Siegert & Weijer, 1992). As previously mentioned in 
chapter 3, during development, prestalk cells located in the front region of the 
slug Dictyostelium discoideum exhibit cell movement perpendicular to the overall 
direction of slug migration. It was concluded that the perpendicular movements 
were a result of the oscillating release of cAMP in the prestalk cell region. In cells 
comprising the remainder of the slug, consistent levels of cAMP have been 
detected (Siegert & Weijer, 1992; Steinbock et al., 1993; Traynor et al., 1992). As 
a second messenger, cAMP has a role in several intracellular signaling events, 
such as activating protein kinases (e.g. protein kinase A) and regulating ligand-
gated channels (e.g. calcium channels) (Hagiwara et al., 1993). Differences in 
cAMP signaling could be a factor in the perpendicular movements observed 
during epithelial sheet migration. A possibility is that in cells away from the 
leading edge, cAMP is released in periodic or oscillating waves. Since cells are 
connected to adjacent cells through adherens junctions and gap junctions, and 
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because molecules and ions can pass between connecting cells (through gap 
junctions) (Perez-Moreno, Jamora, & Fuchs, 2003; Tamura, Shan, Hendrickson, 
Colman, & Shapiro, 1998) it is possible that cAMP waves are propagated through 
cells located further away from the leading edge. Meanwhile in cells located at or 
near the leading edge of epithelial sheets, cAMP release may be more 
consistent, leading to the more typical forward or opposite cell movements 
observed (in comparison to sheet migration). In future studies, cAMP levels 
should be measured prior to and after injury to determine its potential role in 
migration. If it is determined that pulses of cAMP are released further back from 
the leading edge, then it will be important to understand the mechanisms 
involved in ensuring that only cells within this region receive periodic pulses, 
while cells at the leading edge receive consistent signaling. Furthermore, why 
oscillating cAMP levels may lead to perpendicular movements and not 
movements in other directions will need to be examined. 
Studies have shown that cAMP is present in the corneal epithelium, but its 
specific role in corneal epithelial cell migration and wound healing is poorly 
understood (Walczysko et al., 2016; Balakrishnan, Mohanty, Fernandez, 
Mohanan, & Jayakrishnan, 2006; Nakamura & Nishida, 2003). What is known is 
that after injury to the corneal epithelium, intracellular and extracellular ATP 
concentrations increase, leading to the activation of transmembrane purinergic 
receptors, activation of the MAPK pathway, increased intracellular Ca2+, 
cytoskeletal rearrangements, and cell migration (A. Lee et al., 2014; Minns et al., 
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2016; Trinkaus-Randall, 1997; Zieske & Gipson, 1986). Adenylate cyclase, an 
enzyme located on the cytoplasmic side of cell membranes, synthesizes cAMP 
from ATP (Cooper, Mons, & Karpen, 1995). Therefore, after corneal epithelial 
injury, intracellular cAMP levels may increase. Evidence suggests that cAMP 
promotes the migration of corneal epithelial cells (Walczysko et al., 2016; 
Nakamura & Nishida, 2003). In one study, epithelial wounds were made in rabbit 
corneas (Nakamura & Nishida, 2003). Corneas were then incubated for 24 hours 
in the presence of several agents. In corneas cultured in EGF (10 ng/mL) plus 
two lipophilic cAMP analogs, 8-bromo cAMP (1 mM) and dibutyryl cAMP (1mM), 
epithelial migration significantly increased in comparison to corneas cultured in 
EGF (10 ng/mL) alone. Interestingly, in corneas treated with only the two cAMP 
analogs, there was no change in migration compared to EGF only treated 
corneas (Nakamura & Nishida, 2003). This suggests that cAMP may stimulate 
corneal epithelial migration and wound healing in the presence of EGF. It has 
been shown that within 10 minutes after injury, EGF levels increase in the 
corneal epithelium. EGF is released from the tear fluid coating the surface of the 
epithelium and after injury, EGF binds to EGF receptors on basal cells (Kehasse 
et al., 2013; Trinkaus-Randall, 1997). To determine the role that cAMP may have 
in inducing perpendicular cell movements during migration, changes in EGF 
concentration will also need to be examined. 
The potential periodic signaling of cAMP during corneal epithelial 
migration may occur to regulate Rac and RhoA activity. An important function of 
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cAMP is to activate protein kinase A (PKA) (Beebe, 1994; Iyengar, 1996; Walsh, 
Perkins, & Krebs, 1968). PKA is a tetrameric enzyme with 2 regulatory and 2 
catalytic subunits. When PKA is inactive, the regulatory subunits are bound 
noncovalently to the catalytic subunits, preventing the exposure of binding sites 
on the catalytic subunit (Krebs & Beavo, 1979; Taylor, Buechler, & Yonemoto, 
1990). For PKA to become active, cAMP cooperatively binds to two sites (A and 
B) on each regulatory subunit of PKA, causing the dissociation between the 
catalytic and regulatory subunits (Kopperud et al., 2002). In the active state, PKA 
phosphorylates threonine and serine residues on proteins through its catalytic 
subunit (Skalhegg & Tasken, 2000; Smith, Radzio-Andzelm, Madhusudan, 
Akamine, & Taylor, 1999; Taylor et al., 1999). In carcinoma cells, evidence 
indicates that PKA is necessary for Rac-dependent migration (O'Connor & 
Mercurio, 2001; O'Connor, Nguyen, & Mercurio, 2000). In one study examining 
the role of PKA in cell migration, MDA-MB-435 human breast carcinoma cells 
were seeded onto collagen Type I-coated dishes and treated with 1 µM protein 
kinase A inhibitor (PKI) for 30 minutes (O'Connor & Mercurio, 2001). Next, cells 
were treated with chemoattractants (5 ng/mL EGF or 100 nM lysophosphatidic 
acid (LPA)) for 10 minutes prior to conducting Rac activity assays. It was 
determined that Rac activation was blocked by PKA inhibition, indicating that 
PKA has a role in regulating Rac and RhoA activity (O'Connor & Mercurio, 2001). 
Studies have shown that there is a reciprocal relationship between the small 
GTPases Rac and RhoA, and that Rac activity inhibits RhoA activation (Dong, 
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Leung, Manser, & Lim, 1998; Laudanna, Campbell, & Butcher, 1997). Through 
phosphorylation, PKA directly inhibits RhoA activity (Sriwai, Mahavadi, Al-Shboul, 
Grider, & Murthy, 2013; Tkachenko et al., 2011). Since there is no PKA 
phosphorylation site on Rac, PKA most likely modulates Rac activity by 
regulating the proteins involved in Rac activation, such as Trio and Tiam-1, which 
are GEFs that contain phosphorylation sites for PKA (Birukova et al., 2010; 
Fleming, Elliott, Collard, & Exton, 1997). Thus, cAMP activates PKA, which in 
turn activates Rac and inhibits RhoA. 
Rac has an important role in cell migration by regulating the formation of 
lamellipodia (Chung, Lee, Briscoe, Ellsworth, & Firtel, 2000; Nobes & Hall, 1999). 
In primary corneal epithelial cells, Western blot analyses conducted in our lab 
have shown increased Rac activity within 30 minutes after injury and activation 
remains elevated for 4 hours (data not shown; Martin Minns, Ph.D.). During 
epithelial sheet migration, if cAMP is continuously released in cells at the leading 
edge, then this may promote the formation lamellipodial protrusions via increased 
Rac activity. In cells further away from the leading edge, oscillating waves of 
cAMP may be necessary in order to alternate between Rac and RhoA activity. 
RhoA is present in the corneal epithelium and is involved in cytoskeletal 
rearrangement, adherens junction assembly, and focal adhesion formation, all 
necessary factors during collective migration (Anderson, Stone, Tkach, & 
SundarRaj, 2002; Nakamura, Nagano, Chikama, & Nishida, 2001). The 
cytoskeletal reorganization promoted by RhoA may have a role in the 
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perpendicular movements exhibited by cells back from the leading edge in 
corneal epithelial sheets.  
Increased cytoskeletal contractility and the formation of stress fibers may 
contribute to the perpendicular movements and forces detected during corneal 
epithelial sheet migration. In epidermal fish keratocytes, perpendicular forces are 
exerted at the rear of the cell during migration. The perpendicular forces 
coincided with areas of increased cytoskeletal contractility (J. Lee et al., 1994). 
The authors proposed that the increased contraction at the rear of the cell was 
caused by the parallel arrangement (in comparison to the direction of cell 
migration) of stress fibers spanning the width of the cell, as detected by other 
groups (Bereiter-Hahn et al., 1981; Heath & Holifield, 1991; J. Lee et al., 1994). 
Thus, stress fiber reorganization and increased contractility led to the generation 
of forces that were perpendicular to the direction of cell movement.   
Stress fibers are contractile bundles composed primarily of actin and 
myosin (Ridley & Hall, 1992). Typically, stress fibers are composed of 10 – 30 
antiparallel actin filaments, with the plus- and minus-ends of actin filaments 
associating at the end of each bundle. Actin filaments are not symmetrical and 
one end of a filament polymerizes faster (plus-end) than the other end (minus-
end) (Tojkander, Gateva, & Lappalainen, 2012). The Rho family of small 
GTPases modulate cytoskeletal dynamics and RhoA specifically regulates the 
formation of stress fibers. RhoA activates mammalian homologue of Drosophila 
diaphanous (mDia) and Rho-associated coiled-coil forming kinase (ROCK). 
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While mDia nucleates and polymerizes actin filaments, ROCK phosphorylates 
and inactivates myosin-light-chain phosphatase (MLCP) and activates myosin. 
This increases the number of activated myosin proteins, which bind to newly 
polymerized actin filaments, forming stress fibers (Kimura et al., 1996; Narumiya, 
Tanji, & Ishizaki, 2009). Additionally, ROCK phosphorylates and activates LIM 
kinase (LIMK), which phosphorylates and inactivates cofilin, leading to the 
inhibition of actin-depolymerization and the stabilization of stress fibers. Stress 
fibers have important roles in cell adhesion (through linkage to adherens 
junctions and focal adhesions), migration, and mechanotransduction (Nobes & 
Hall, 1995). 
In the cornea, stress fiber formation leads to the contraction of the tissue 
(Luttrull, Smith, & Jester, 1985). As observed in fish keratocytes, the formation of 
stress fibers is associated with the reorganization of actin-binding proteins (e.g. 
α-actinin) and F-actin from a random distribution to a highly organized distribution 
located parallel to the surface of the wound (Garana, Herman, Barry, Cavanagh, 
& Jester, 1991; Javierre, Moreo, Doblaré, & García-Aznar, 2009). In our model 
system, perpendicular movements and forces were detected in cells further away 
from the leading edge (Figure 3-3). These perpendicular displacements were 
larger in epithelial sheets seeded onto rigid, 30 kPa substrates compared to 
sheets on the soft, 8 kPa substrates. Increased substrate rigidity typically leads 
to increased cytoskeletal contractility (De Pascalis & Etienne-Manneville, 2017).  
As a result, the larger perpendicular displacements detected on the 30 kPa 
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substrates may correlate to increased cell contractility. Future studies will include 
investigating ECM reorganization, stress fiber formation, and cytoskeletal 
contractility in migrating corneal epithelial sheets.  
In addition to cytoskeletal rearrangements, stress fiber formation is 
induced by growth factor release. It has been demonstrated in Swiss mouse 
embryo (3T3 line) fibroblasts that EGF and platelet-derived growth factor (PDGF) 
promote actin reorganization in order to induce membrane ruffling at the wound 
edge. Approximately 10 minutes after the onset of ruffling, stress fibers form 
(Ridley & Hall, 1992). Additionally, it has been shown in porcine endothelial cells 
that VEGF promotes the accumulation of stress fibers and the formation of focal 
adhesions on the cell surface, leading to increased cell migration (Rousseau et 
al., 2000). In the corneal epithelium, EGF and PDGF are released within 10 
minutes after injury (Kehasse et al., 2013). While stress fiber formation has not 
yet been examined in our epithelial sheet model system, if growth factor release 
and increased contractility occurs, then stress fibers could most likely form. 
Further examination into the relationship between these events will provide a 
better understanding on the role of stress fibers in potentially promoting 
perpendicular movements during epithelial sheet migration.  
 
5-3: Alterations in substrate stiffness affect cellular traction forces and 
collective epithelial cell migration    
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 One of the main goals of this work has been to address whether 
alterations in substrate stiffness affect corneal epithelial cell migration. We ask 
this question in order to determine if increased membrane stiffness has a role in 
the impaired wound healing response observed in several pathological 
conditions. Corneal epithelial sheets were cultured on soft (8 kPa) and rigid (30 
kPa) substrates. In chapter 3, we demonstrated that epithelial sheets migrate in 2 
phases, a contraction phase followed by forward migration (Figure 3-1). This 
occurs in sheets migrating on both soft and rigid substrates. Interestingly, the 
contraction phase lasted longer in epithelial sheets on 8 kPa substrates. The 
reason for this requires further examination into: 1) the roles that apical and basal 
epithelial cells have during sheet migration and 2) the differences in traction 
forces exerted during migration. We propose that during the contraction phase, 
basally located cells within sheets form strong attachments to the substrate in 
order to anchor the sheets in place, and also, to generate the forces necessary to 
initiate apical cell movement and sheet migration (Figure 3-2).  
Our data revealed that apical epithelial cells initiate forward migration after 
the contraction phase is complete. This forward movement began later on 8 kPa 
substrates compared to the 30 kPa substrates (Figure 3-1). Apical cells comprise 
the top layer of the epithelium and, thus, do not come in contact with the 
substrate. Since they are not able to adhere and form their own attachments to 
the substrate, there must be a way for them to move forward. We propose that 
one of the reasons epithelial contraction occurs is for the sheet to gather enough 
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force to push/propel the apical cells forward in order to initiate migration. External 
and internal forces may be necessary for this action. On softer substrates, the 
external forces applied to cells are low in comparison to cells on stiff substrates. 
Therefore, epithelial sheets on 8 kPa substrates may need more time to contract 
in order to generate the forces necessary to push the apical cells forward. On 8 
kPa substrates, most of the basal cells within the sheet (with the exception of 
cells right at the leading edge) are forming strong attachments to the substrate 
during the contraction phase (Figure 3-2A, top panel). This implies that changes 
in internal force are occurring in basal cells throughout the sheet. Cells are 
connected to one another through cell-cell contacts, therefore, alterations in 
intracellular signaling and force within the basal cell layer affect neighboring cells 
through the layers of the epithelial sheet (Friedl et al., 2004; Rorth, 2007). On 8 
kPa substrates, the entire sheet may need to be involved in generating the forces 
needed for forward migration. It could be that once an internal force threshold 
has been reached, this initiates the end of the contraction phase and the onset of 
apical cell movement.  
Epithelial sheets on the rigid, 30 kPa substrates have a greater amount of 
external force provided to them and thus, require less time to generate the forces 
needed for apical cell movement. Also, in contrast to sheets on 8 kPa substrates, 
there are large areas within the sheet where basal cells are not applying force or 
are applying very minimal force to the stiffer substrate (black arrows; Figure 3-
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2A, bottom panel). This suggests that the entire sheet does not need to be 
involved in obtaining the forces necessary for apical cell migration.  
During the forward phase of epithelial sheet migration, forces are applied 
by basal cells nearly throughout the sheet on the 8 kPa substrate (Figure 3-2B, 
top panel). Whereas, on the 30 kPa surface, there are areas where very low 
forces are exerted between the sheet and substrate (Figure 3-2B, bottom panel). 
The low areas of exerted force indicate that corneal epithelial sheets are able to 
successfully migrate without forming as many attachments to the stiff substrate, 
as compared to sheets on the 8 kPa substrate. It may be more difficult for sheets 
to pull and push themselves over the softer, more compliant 8 kPa substrate and, 
therefore, more attachments to the substrate are needed to generate the force 
necessary to migrate. 
  The advantage of performing TFM with corneal epithelial sheet explants 
is that the data generated provides insight into what occurs under physiological 
conditions. The corneal epithelium is multi-layered, with 5 – 7 layers of cells 
comprising the tissue (Ehlers, 1970; Trinkaus-Randall, 1997). Our data indicates 
that the collective migration of corneal epithelial cells involves not only the basal 
cells that are attached directly to the substrate, but also the apical cells. These 
results would not have been conveyed had we performed TFM with corneal 
epithelial cell monolayers. Additionally, since the evidence indicates the active 
role that cells throughout the sheet have during migration, it will be interesting to 
determine the forces generated during collective movement. For now, the 
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technology provides us with the opportunity to measure forces exerted by basal 
cells, but if possible, future studies should include examining the internal forces 
propagating throughout the layers of the corneal epithelium.    
 
5-4: Hypoxia may alter ECM composition and increase integrin and paxillin 
activation in corneal epithelial cells  
 The regulation of the actin cytoskeleton and actin-binding proteins is 
essential for many biological processes, such as cell migration and wound 
healing. Dysregulation of cytoskeletal dynamics is often detected in pathological 
conditions, such as cancer and fibrosis (Pollard & Cooper, 2009). Hypoxia is 
defined as the state in which a tissue exists in a lower oxygenated environment. 
In hypoxia-related conditions, such as brain edema, pulmonary hypertension, or 
diabetes, dysregulation of the cytoskeleton often occurs (Misra, Pandey, Sze, & 
Thanabalu, 2012; Pollard & Cooper, 2009; Vogler et al., 2013). Thus, 
understanding the changes that occur within cells and with the cytoskeleton is 
fundamental in order to determine how to best treat these pathologies. However, 
depending on the cell type and experimental design, the current literature reveals 
that there are heterogenous effects on the cell and actin cytoskeleton after 
exposure to hypoxia. For example, one study shows that in hypoxic 
environments, the migration of L929 murine fibrosarcoma cells is inhibited 
(Vogler et al., 2013) whereas another study reports increased migration of MDA-
MB-231 breast cancer cells under hypoxic conditions (Gilkes et al., 2014; 
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Nagelkerke et al., 2013). Although the data may be conflicting, the current 
evidence indicates that chronic exposure to hypoxia leads to significant cellular 
changes. 
 Cell behavior (e.g. morphology and adhesion) is affected by changes in 
the ECM (Gilkes et al., 2014). In the cornea, the ECM is composed of several 
proteins, including fibronectin, laminin, heparan sulfate proteoglycans, collagen 
Type I, and collagen Type IV. In chapter 4, it was demonstrated that under 
hypoxic conditions, there was a reduction in fibronectin and laminin protein in 
wounded rat corneas (Figure 4-2). Others have shown that hypoxia may induce 
changes in ECM protein levels or mRNA expression (Figure 5-1) (Berg et al., 
1998; Hofbauer et al., 2003; Takahashi et al., 2000). In one study, fibronectin 
mRNA levels were measured in peripheral lung parenchyma after exposing 
Sprague-Dawley rats to 10% O2 for 3 days (Berg et al., 1998). Compared to the 
mRNA from rats incubated under normoxic conditions, fibronectin mRNA levels 
increased 12 fold under hypoxic conditions (Berg et al., 1998). Reports have 
indicated that hypoxia promotes collagen synthesis in certain cell types, such as 
fibroblasts and smooth muscle cells (Hofbauer et al., 2003; Takahashi et al., 
2000). In fetal rat lung fibroblasts cultured in 2% O2 for 8hrs, there was a 3 fold 
increase in the mRNA of the α1 subunit of collagen Type I (Takahashi et al., 
2000). The mRNA levels remained elevated after 40 hours, then after exposing 
cells to atmospheric oxygen (21% O2, normoxia), the mRNA returned to baseline 
levels. Another group measured collagen protein levels in the rat vascular 
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Figure 5-1: Hypoxia alters ECM composition, integrin activation, and focal 
adhesion formation in tissues.  
Schematic indicates changes that have been reported in different tissues (e.g. 
fibroblasts, smooth muscle cells, lung cells, myocytes) after exposure to hypoxia. 
Investigators have reported alterations in collagen Type I, fibronectin, and laminin 
mRNA. Under hypoxic conditions, increased integrin mRNA, localization to cell 
membranes, and adhesion to fibronectin has been detected. Alterations in integrin 
activation and localization may lead to changes in focal adhesion formation, primarily 
through FAK, Src, and paxillin activity. Blue words indicate the results obtained in this 
work. FN, fibronectin; Coll, collagen Type I; SLRPs, small-leucine rich proteoglycans; 
FAK, focal adhesion kinase. 
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smooth muscle cell line A7r5 after incubation in 1% O2 for 24 hours (Hofbauer et 
al., 2003). Western blot analyses were conducted and the results revealed that 
under hypoxic conditions there was a 2.5 fold increase in the α1 collagen Type I 
chain and a 4 fold increase in the α2 collagen Type I chain (Hofbauer et al., 
2003). It is important to note that in the above studies, experiments were 
conducted in unwounded tissue, therefore, it would be interesting to determine 
whether injury causes differences in these results. While mRNA expression was 
not measured in the studies presented in chapter 4, previous work from our lab 
demonstrates that under hypoxic conditions the mRNA levels of perlecan 
increase, while collagen Type III and specific proteoglycan (e.g. lumican, 
keratocan, and decorin) mRNA decreases in wounded rat corneas (A. Lee et al., 
2018). In future studies, to fully understand the effect hypoxia has on ECM 
composition, measuring fibronectin and laminin mRNA will be important in 
determining if decreased protein levels correlate to reduced mRNA expression in 
the cornea. 
 An important aspect of cell migration is the ability of cells to adhere to the 
underlying substrate. Integrin receptors link the ECM to the actin cytoskeletal 
network through focal adhesions (Goksoy et al., 2008; Moulder, Huang, 
Waterston, & Barstead, 1996; Roberts & Critchley, 2009; Wegener et al., 2007). 
While alterations in integrin localization or activation were not addressed in this 
work, evidence shows that in several cell lines (e.g. tumor cells, smooth muscle 
cells) hypoxia leads to an upregulation of integrin along cell membranes, as well 
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as increased integrin mRNA expression (Figure 5-1) (Blaschke et al., 2002; 
Cowden Dahl, Robertson, Weaver, & Simon, 2005). In B16F0 metastatic murine 
melanoma cells exposed to 1.5% O2 for 24 hours, fluorescence-activated cell 
sorting (FACS) analyses revealed a 2 fold increase in αVβ3 integrin protein levels 
compared to cells incubated under normoxic (20% O2) conditions (Cowden Dahl 
et al., 2005). Further investigation into changes in cell adhesion after exposure to 
hypoxia revealed interesting results. After 24 hours in hypoxia, B16F0 cell 
adhesion to fibronectin and vitronectin was enhanced by about 1.6 fold and 1.7 
fold, respectively, compared to normoxic cells. However, cell adhesion to laminin 
was not affected by hypoxic conditions. The increased αVβ3 integrin localization 
to cell membranes and augmented cell adhesion resulted in increased migration 
of B16F0 melanoma cells (Cowden Dahl et al., 2005).  
The effect of hypoxia on cell adhesion and integrin activation was 
examined in vascular smooth muscle cells (VSMCs) (Blaschke et al., 2002). 
VSMCs were seeded onto fibronectin- or collagen Type I-coated dishes and 
incubated in 1% or 21% O2 for 24 hours. Hypoxia significantly increased VSMC 
adhesion to fibronectin by 58% and to collagen Type I by 30% (Blaschke et al., 
2002). VSMC adhesion to fibronectin and collagen Type I involves β1 integrin. To 
investigate the effect of hypoxia on β1 integrin, normoxic and hypoxic VSMCs 
were treated with a β1 integrin blocking antibody (P5D2), and it was reported that 
there was a comparable reduction in cell adhesion to fibronectin and collagen 
Type I-coated surfaces. Interestingly, there were no changes in β1 integrin 
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mRNA or protein after exposure to hypoxia, however, increased β1 integrin 
activation was detected by flow cytometry (Blaschke et al., 2002). Integrin 
activation occurs after talin, a focal adhesion adaptor protein, binds to the 
cytoplasmic tails of β integrin (Hynes, 2002; Wegener et al., 2007). Thus, 
increased integrin activation indicates a potential increase in talin localization to 
integrin clusters at the cell membrane. In chapter 4, it was demonstrated that 
after 18 hours of exposure to 1% O2, there was no change in talin localization on 
the basal surface of the migrating corneal epithelium (Figure 4-4). This may 
indicate that hypoxia does not affect β1 integrin activation in corneal epithelial 
cells but further examination is necessary to determine this.   
 Under hypoxic conditions, integrin upregulation has been associated with 
increased activation of specific focal adhesion proteins, such as FAK and paxillin 
(Figure 5-1) (S. H. Lee, Lee, Song, Ahn, & Han, 2010; Skuli et al., 2009; Veith et 
al., 2012). Integrins recruit and activate signaling molecules, such as Src, which 
bind to and phosphorylate FAK. FAK activation modulates cell morphology and 
migration (Mitra, Hanson, & Schlaepfer, 2005; Wehrle-Haller, 2012). In SF763 
and U87 glioblastoma cells exposed to 1% O2 for 16 hours, increased recruitment 
of αVβ3 and αVβ5 integrins to cell membranes was associated with enhanced 
FAK activation (Skuli et al., 2009). In human umbilical cord blood mesenchymal 
stem cells (hMSCs), exposure to 2% O2 for 30 minutes led to increased FAK and 
Src activation and increased cell migration (S. H. Lee et al., 2010). 
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Integrin and FAK are linked to the cytoskeleton through binding to paxillin 
and talin at focal adhesion sites. Therefore, increased integrin and FAK activity 
may augment paxillin activity and in fact, evidence indicates that paxillin 
phosphorylation and localization to focal adhesions increases under hypoxic 
conditions (Seko et al., 1999; Veith et al., 2012). In one study, lung samples were 
obtained from patients with pulmonary arterial hypertension and cells were 
incubated in a 1% O2 environment for 48 or 72 hours (Veith et al., 2012). 
Quantitative polymerase chain reaction (qPCR) and Western blot analyses 
showed that paxillin mRNA and protein levels increased in cells exposed to 
hypoxia in comparison to normoxic cells. Additionally, immunohistochemistry 
demonstrated that paxillin intensity increased along cell membranes and the 
authors concluded that the increased intensity indicated the enhanced presence 
of paxillin within focal adhesions (Veith et al., 2012). In rat cardiac myocytes 
exposed to hypoxic conditions for 24 hours, phosphorylation of paxillin at tyrosine 
118 increased compared to normoxic cells (Seko et al., 1999). In chapter four, 
the results from organ culture studies were presented (Figure 4-4). Rat corneas 
were wounded then incubated under normoxic or hypoxic conditions for 18 
hours. Immunofluorescence was performed and in normoxic corneas, punctate 
paxillin pY118 staining was detected. As observed in lung cells (Veith et al., 
2012), paxillin localization to cell membranes appeared to increase under 
hypoxic conditions. In corneas exposed to hypoxia, paxillin fluorescence intensity 
was prominent at the basal surface of the epithelium (Figure 4-4). In addition, 4 
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hours after injury, HCLE cells exposed to hypoxia presented with an increased 
number of paxillin pY118-positive focal adhesions at the leading edge (Figure 4-
5). FAK phosphorylates and activates Src, which in turn phosphorylates paxillin 
at tyrosine 118, therefore, enhanced integrin, FAK and Src activation in hypoxic 
environments may contribute to changes in paxillin pY118 activation and 
localization in corneal epithelial cells. 
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CHAPTER SIX: Future Research 
  
6-1: Integrin activation and localization under hypoxic conditions 
A future area of study is to examine the effect that changes in substrate 
stiffness have on integrin activation and localization during corneal epithelial cell 
migration. The cells mechanical response to changes in substrate rigidity may be 
influenced by the integrin receptors expressed (Schiller et al., 2013). The αV 
integrin subunit has a role in sensing the rigidity of the matrix and is often present 
in high tension regions. αV integrin is involved in maintaining the integrity of 
adherens junctions and promoting cytoskeletal contractility through activation of 
the RhoA-mDia pathway. β1 integrins promote Rac1 activation, leading to the 
formation of nascent complexes. Together, αV and β1 integrins function to aid the 
cell in adapting to alterations in substrate stiffness. Therefore, it is critical to 
investigate which integrins are present in our model system. The resulting data 
will also provide information on which ECM proteins (integrin ligands) are crucial 
for successful epithelial sheet migration on soft and rigid substrates (Schiller et 
al., 2013). 
 
6-2: Adherens junctions 
An essential component of collective movement is the maintenance of 
cell-cell contacts between neighboring cells. During migration, forces are 
transmitted within the sheet through adherens junctions (De Pascalis & Etienne-
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Manneville, 2017; X. Trepat & Fredberg, 2011). E-cadherin is a component of 
adherens junctions and its role is to help cells adapt to increased external tension 
by triggering a mechanotransduction pathway through vinculin pY822 (Bays et 
al., 2014). It was demonstrated in Figure 3-6, that vinculin pY822 localization and 
phosphorylation in wounded corneal epithelial cells was not affected by changes 
in substrate rigidity. Although vinculin pY822 typically has an essential role in 
mechanotransduction and in influencing cytoskeletal rearrangements, the lack of 
response by vinculin pY822 in the in vitro system does not necessarily mean that 
consistent forces are being transmitted through the adherens junctions at each 
substrate stiffness. Other components, such as α- and β-catenin, also have a 
role in signal transduction and in actin binding (Bays et al., 2014; Yonemura et 
al., 2010). To fully understand how cells respond to changes in extracellular 
forces, future studies must involve closer examination of additional adherens 
junction proteins. 
 
6-3: Focal adhesion disassembly  
 Under hypoxic conditions, focal adhesion length was reduced in HCLE 
cells. It is possible that this reduction could be due to increased rate of focal 
adhesion disassembly. It is well established that nascent complexes turnover at a 
rapid rate and to do so requires the downregulation of FAK activity (Calalb et al., 
1995; Xing et al., 1994). Decreased FAK activation leads to reduced Src kinase 
activity. Src kinases phosphorylate many adaptor proteins (e.g. paxillin pY118, 
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vinculin pY1065), initiating the recruitment of these proteins to nascent 
complexes along the membrane. Thus, when FAK activation is reduced, adaptor 
recruitment decreases. This prevents the growth of the nascent complexes and 
promotes complex disassembly (Calalb et al., 1995; Xing et al., 1994). To 
determine whether hypoxia is affecting focal adhesion growth by promoting 
adhesion disassembly, FAK activity must be examined, possibly through Western 
blot analysis or through treatment of normoxic cells with FAK inhibitors and 
measuring changes in focal adhesion number, length, and localization. The 
proteolysis of specific adhesion proteins (e.g. talin, FAK) by calpain 2 also 
promotes focal adhesion disassembly (Franco et al., 2004). Thus it would also be 
interesting to determine calpain 2 activity in cells exposed to hypoxic conditions. 
 
6-4: Examination of epithelial sheet contraction, migration, and forces 
exerted under hypoxic conditions 
Epithelial cells exposed to hypoxic conditions, may exhibit changes in 
traction force. To determine whether delays in cell migration can, in part, be 
attributed to alterations in force dynamics, future studies will involve performing 
TFM using rat cornel epithelial sheets that were incubated under hypoxic 
conditions. Since rat (Figure 4-3) and human corneal basal lamina are about 6 – 
8 kPa (Thomasy et al., 2014), experiments will begin at this stiffness. We will 
evaluate whether there are differences between normoxic and hypoxic corneas 
during the contraction or forward phases of sheet migration. During the 
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contraction phase of sheet migration, it will be interesting to determine if cells 
exposed to hypoxic conditions have a longer or shorter contractile period 
compared to epithelial sheets incubated under normoxic conditions. If the 
contraction phase is longer after exposure to hypoxia, it may be that the 
intracellular forces are low and more time is needed to generate the forces 
necessary for apical migration. The traction forces exerted during contraction and 
forward migration will be measured in epithelial sheets exposed to hypoxic 
conditions, and it will be interesting to determine whether forces in hypoxic 
sheets reach those of controls (Figure 3-2). Since it is believed that hypoxia 
increases basal lamina stiffness through changes in ECM composition, TFM will 
be performed using sheets exposed to hypoxic conditions that are seeded onto 
30kPa substrates. We will note changes in overall sheet motility, differences in 
apical and basal cell movement, and potential alterations in exerted traction 
forces. 
 
6-5: The actin cytoskeleton and leading edge dynamics in corneal epithelial 
sheets exposed to hypoxic conditions 
Under hypoxic conditions, the leading edge of the migrating epithelium is 
altered (Figure 4-1B). Previous data also suggests that there may be a lack of 
lamellipodial protrusions (A. Lee et al., 2014). Further examination of the leading 
edge is required to understand how the change in leading edge morphology may 
affect collective migration in vivo. Live cell imagining experiments should be 
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performed using corneal epithelial sheets (after exposure to hypoxia) treated with 
a cell-permeable dye (Spirochrome) that labels endogenous F-actin. If regions of 
the leading edge display a lack of lamellipodial extensions or decreased length of 
extensions, it will be interesting to determine the amount of force applied to the 
substrate in those areas.   
Studies have shown that inhibition of RhoA leads to decreased cell 
migration after corneal injury (Anderson et al., 2002; Nakamura et al., 2001). 
Under hypoxic conditions, RhoA activity may be reduced in the corneal 
epithelium. In rats exposed to chronic hypoxia (10% O2) for 14 days, decreased 
RhoA localization and mRNA levels were detected in the main pulmonary artery. 
Results also demonstrated that pulmonary artery contraction was significantly 
reduced (Sauzeau, Rolli-Derkinderen, Lehoux, Loirand, & Pacaud, 2003). These 
data indicate that RhoA may be sensitive to changes in environmental conditions 
and, therefore, it is necessary to examine whether a downregulation of RhoA is a 
contributing factor in delaying wound healing. After determining the effect of 
hypoxia on the contraction phase of sheet migration, normoxic sheets can be 
treated with a RhoA inhibitor to test is if these sheets can recapitulate any 
changes observed in epithelial sheets exposed to hypoxia.  
 
6-6: Optimization of experiments 
 Initially, we performed TFM using 50 kPa substrates. Unfortunately, within 
2 – 4 hours of experimentation, cell sheets became extremely unhealthy, stopped 
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migrating, and detached from the substrate. After several attempts using the 50 
kPa gels, we began conducting experiments on 30 kPa substrates, which the 
cells responded better to. Our prior attempts at transfecting HCLE cells seeded 
onto 8 and 50 kPa substrates were unsuccessful. About 80% of cells lifted off the 
substrates and died by day 2 of the transfection process. Therefore, further 
optimization is needed to successfully transfect HCLE cells with mCherry-
vinculin. Finally, when exploring changes in basement membrane rigidity, it will 
be interesting to determine if longer exposure to hypoxia induces more uniform 
and pronounced increases in basal lamina stiffness.      
 
6-7: Conclusions  
In order to improve the wound healing response in pathological conditions, 
it is important to fully understand epithelial cell dynamics after injury in the 
healthy cornea. Our work sheds light on several aspects of corneal epithelial cell 
migration. Our goal is to eventually elucidate the mechanisms involved in 
collective migration that are affected by environmental (e.g. hypoxia) and 
structural (e.g. changes in basement membrane stiffness) modifications in the 
cornea. The models developed and the studies performed in this work can be 
used in future studies to further our understanding of the wound healing 
response in the cornea. 
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